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PREFACE TO THE SECOND EDITION 


The purpose, plan, and scope of this treatise are given in the accom- 
panying preface to the first edition. 

This second edition, which represents a significant expanaon of the 
first, contains twenty-six chapters, of which the following eight are new: 
the reactions of aliphatic hydrocarbons; synthetic polymers; catalytic 
hydrogenation and hydrogenolyms; organic sulfur compounds; aliphatic 
fluorides; the chemistry of the porphyrins; chlorophyll; and the redis- 
tribution reaction. All the chapters carried over from the first edition 
have been revised. In some chapters the literature has been reviewed 
up to September. 

Corrections and suggestions will again be cordially welcomed. The 
editors are grateful to many friends for the examination of the manu- 
scripts. Particular thanks are due to Messrs. R. K. Abbott, R. W. 
Leeper, D. S. Melstrom, G. J. O’Donnell, S. M. Spatz, J. R Thirtle, and 
L. A. Woods. 
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AMmO ACIDS FROM PROTEINS 

The term protein connotes an ill-defined group of complex nitrogenous 
organic substances which form an important part of animal and vege- 
table tissues. The separation and characterization of individual “nmt- 
ple” proteins depend mainly on solubility relations, in accordance with 
which they are classified as albumins, globulins, and so forth. All the 
^ple proteins yield ammonia and mixtures of amino acids on hydroly^ 
by acids, alkalies, or enzymes. “Conjugated” proteins also exist; i^ese 
yield, besides ammo acids, other products such as purines, pyrimidines, 
porphyrins, carbohydrates (or thrir derivatives), lipmdal substances, 
and phosphoric acid. Invariably, horrever, the prindpal prodntsta of 
bydxolym consist of amino adds. 

The moat eonvement metiiod d laydrolytm involves treatment vrith 
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hot aqueous mineral acids. The action of hot alkalies, though it readily 
brings about the desired hydrolysis, is less satisfactory, for during the 
process a notable proportion of the amino acids, which preexist in pure 
optically active form, become racemized. This objection applies in a 
far less degree to acid hydrolysis. The action of proteolytic enzymes, 
though offering the practical disadvantage of slow and often incomplete 
action, induces neither racemization nor decomposition of the more 
sensitive amino acids. 

In proteins the constituent amino adds are united by peptide link- 
ages ( — CO-NH — or, with the prolines (pp. 1118, 1120), — CO — N <), 
which on hydrolysis are opened with liberation of carboxyl and amiqo 
or imino groups. To follow the progress of hydrolysis, three metho<^ 
are available: (1) titration of carboxyl groups, (2) titration of amino 
groups, (3) estimation of primary amino groups by treatment with ni'^ 
trous add. In the first two, conditions are so selected that the titration 
end points are influenced only by the groups to be estimated; in the 
third, a specific reaction is involved. The principles underlying the vari- 
ous procedures will be discussed later. On completion of hydrolysis, 
the resulting amino acids may be separated into three broad classes, 
which depend upon the preponderatingly acidic, basic, or neutral char- 
acter of their members. 

The predominantly acidic group condsts of the monoamino dicar- 
adds. These may be separated from the others by taking advan- 
tage either of the sparing solubility of their calcium or barium salts in 
aqueous alcohol, or of their selective tendency to migrate toward the 
positive pole when subjected in solution at suitable pH levels to the 
influence of an electric current.' 

The members of the predominantly basic group, comprising the 
diamino monocarboxylic acids, are characterized by their precipitability 
with phosphotimgstic acid and by their tendency to migrate towards the 
n^ative pole in neutral solution.* The essentially neutral Tnnnnnmmft 
monocarboxylic acids, which constitute the major portion of most pro- 
tein hydrolysates, differ from the members of the other groups * by 
the fact that they can be extracted from neutral solution by butyl 
alcohol.* The majority of the members of this group, though appre- 
dably soluble in butyl alcohol saturated with water, are insoluble in 
the anhydrous alcohol. Two amin o acids of protein ori gin (proline and 
hydro:qrprolme), however, are distinguished by their solubility in pine 

' Foitar Mtd S<d>midt, J. Biol. Chetn., S6, 646 (1923). 

*Fo8tw and Schmidt, J. Am. Chan. See., 48, 1709 G926). 

* Histidine (p. 1161), in which the imidesole croup possesses extremely weaUy bade 
proper tlce, fesma an exception as it aocompaniee the monoamino monooarboxylio adds. 

*l>akiA. Rjoehsm. J., U, 290 (1918); J. BM. Chan., 44, 499 (1920). 
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alcohols; these also differ from all others in bdng not primary, but cyclic 
secondaiy amin^. The group of “natural” monomnino monocarboxylic 
acids also includes a few which may be separated by virtue of their low 
solubility in water. 

The following list, arranged on the basis of the above practical classi- 
fication, enumerates the amino acids which have been demonstrated to 
be products of the hydrolysis of proteins.* 


I. Monoamino Dicarboxylic Acidt. 

Aspartic acid HO,C-CHr<3H(NH,)-CO,H 

Glutamic acid HO,C-CHH3Hr<3H(NH»)-COaH 

Hydroxyglutamic acid HO,G-CHr-CHOH-CH{NH,)-CX)ja 

II. Basie Amino Adds. 

Arpnine NH,C(=NH)-NH-CHj-CHj-CHr<JH(NH,)-CO,H 
Lysine NHrCHi-CHr<3Hr-CHr-CH(NH»)-CO»H 
CH 

Histidine 

(i5H=-c!!— CHrCH(NH,)-CO,H 

III. Monoamino Monocarboxylic Adda, 

1. Extractable by wet butyl alcohol; readily soluble in water; insoluble in an- 
hydrous alcohols. 

Glycine CH2(NH2)~C02H 

Alanine CHs-CH(NH 2 )-CO*H 

Valine (CH,)2CH-€H(NH2)-C02H 

Leucine ^Ha) 2 CH-^H 2 -CH(NH 2 )-C 

Norleucine 
Isoleucine 
Phenylalanine 
Serine 
Threonine- 
Cysteine 
Methionine 


CHr-CHr-CH(CHa)-CH(NH 2 )-CO,H 
COIa-CHj-CHr™ 


Cai6-CH,-CH(NH2)-COaH 
CHa0H-CH(NH2)-C02H 


Tryptophan 


CH2(SCH,)-CH2-CH(NH,)-C02H 

-C--CHr-CH(NH 2 )-CO,H 


Or:®' 


2. Sparingly soluble in water. 
Tjrosine 


I 

Diiodotyrosine HO^~~^CHrCH(NH,)-COja 
I I 

Thyroxine 

Cystine [-S-CHr<3H(NHO-CO,H], 


^ Vickery and Schmidt, Chem. Rev,^ 9, 169 (1931). 
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8. SoluW* in afcohols. 

CHj— CH, 

Ah. Ah-cc« 

\^H 

CHOH-CH, 

Ah. An-coa 

In addition to the above compounds of protein origm, certain other 
amino acids have been isolated from natural sources. Some of these 
will be discussed later. \ 

The inclusion of cysteine in the above list is unconventional, as 
during the customary processes of isolation the sulfhydryl becomes oxi- 
dized to the disulfide, so that cysteine finally appears as cystine. The 
unquestionable presence of sulftiydryl groups in many proteins,® how- 
ever, points to the probability of the existence of cysteine as a component 
amino acid. 

The character, both physical and chemical, of proteins and peptides 
is largely determined by the nature and relative abundance of the various 
types of constituent amino acids. The polypeptides synthesized by 
Fischer contained only monoamino monocarboxylic acids, and the only 
free acidic and basic groups present were those terminating the peptide 
chain. Proteins and natural poljrpeptides contain polar groups, situ- 
ated at the uncombined ends of the acid and basic amino acids distributed 
throughout the molecule; the properties of the proteins represent a re- 
sultant of the individual and mutual effects of these. 

By acid hydrolysis, proteins yield considerable amoimts of ammonia. 
There is reason to believe that this is derived from acid amide groups 
associated with the combined dicarboxylic acids, semi-amides of which 
have been isolated from the products of enzymatic hydrolysis of proteins. 

Separation of the individual members of the first and second groups 
is effected by special methods involving selective precipitation of salts 
formed with metals or with acids. The quantitative aspects of these 
separations have been most completely developed for the basic amino 
acids (p. 1138). The separation of the relatively simple monoamino 
monocarboxylic acids is rendered particularly difficult by the familial 
similarity of members of homologous series, and it has not yet been found 
possible to develop quantitatively reliable methods for all. The original 
procedure of Fischer, fractional distillation of the ethyl esters under 
reduced pressure, involves notable losses due to formation of diketopiper- 
azmes.® Attempts have been made to avoid this difficulty by acylation 

♦ WrOqr a»d Anaon, J, Cfm. PhyM,, 18, 307 <1935). 

^ ^ (1901) ; Z.phi^iol.Chem*,Si, 151(1901); Foranaa, BiooAam. «/«, 

18, 3^ (1913). 
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of the esters before f ractionationi^ but these modifications await develop- 
ment to a state of practical utility. 

Partial separation of the amino acids of a protein hydrolysate can be 
effected by taJdng advantage of the differential solubilities of their ooppw 
salts in water and in methyl alcohol.^ 

Advantage can also be taken ^ of the constancy of the solubility 
product of sparingly soluble salts of amino acids and certain strong acids 
in order to determine the amounts of the former in protein hydrolysates. 
For this purpose, complexes, such as potassiiun trioxalatochromiate,^ 
sodium dioxpyridate,^^ or ammonium rhodanilate,“ which precipitate 
specific amino acids, or simple aromatic sulfonic adds ^ which yield 
suitable salts with a wide variety of amino adds, offer special promise. 

The nutritional significance of the individual amino acids has received 
much study. It has long been known that rats from whose dietary pro- 
tein certain amino adds were absent failed to grow normally imtiT the 
missing compound was added to the ration as a supplement. Until 1935 
such experimentation was hampered by the fact that normal growth 
could not be maintained on diets in which proteins were entirely replaced 
by pure amino acids. This was made possible, however, by the isolation 
of threonine by Rose, and his recognition of its importance as an indis- 
pensable dietary component. As a result of experiments with diets con- 
taining carbohydrates, fats, inorganic salts, glucosamine, vitamins, and 
various mixtures of amino acids, Rose was able to establish the follow- 
ing classification of the amino acids according to their growth ^ects on 
immature albino rats: 


Indispensable 

Arginine 

Lysine 

Histidine 

Valine 

Leucine 

Isoleucine 

Phenylalanine 

Threonine 

Methionine 

Tryptophan 


Dispensable 

Aspartic 

Glutamic 

Hydroxyglutamio 

Glycine 

Alanine 

Norleucine 

Serine 

Cystine 

Tyrosine 

Proline 

Hydroxyproline 


^ Cherbullez and ooUaborators, Chim, Acta, IM, 317 (1923) ; 13, 1390 (1930). 
« Town, Btodum. J., 32, 1083 (1928) ; Braaier. ibid,, 14, 1188 (1930). 

* Hergtnann and Stem, J . Sioi, 138, 217 (1939). 

Bergtnann and Niemann, ibid,, 113, 677 (1938). 

Bergmann, 113, 569 (1938). 

»Bergmann, thui., 110, 471 (1935). 

Bergmann and Stein, ibid., 139, 609 (1939). 

** Doherty, Stein, and B^gmann, ^titL, 130, 487 (1940). 

Jftooe, Phi^id. Beo., 18, 109 (19^), 
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The indispensable amino acids, listed above, fall into two further 
categories, namely, those of which only the stereochemically natural 
(p. 1086) varieties meet the needs of growth, and those of which either 
spatial form fulfills growth requirements: 


Only Natural Variety 
Promotes Growth 
Lysine 
Valine 
Leucine 
Isoleucine 
Threonine 


Either Configurational 
Variety Promotes Growth 
Histidine 
Phenylalanine 
Methionine 
Tryptophan 


Information relative to the unnatural variety, of ar ginin e is not yet 
available. The natural form appears to be ^thesized in the body, but 
at too slow a rate to support growth. 

It has also been found that the nutritional effect of the indispensable 
amino acids of the second class can be secured not only with the xin- 
natural varieties but with certain N-acyl derivatives and o-hydroxy acids 
configurationally related to the natural amino acids, and with the corre- 
sponding a-keto acids. These relations, outlined for tryptophan on 
p. 1162, indicate that in such instances the essential portion of the mole- 
cule, i.e., that not synthesized in the animal organism, is that represented 
by the group R in the general formula RCH(NH2)C02H. On the other 
hand, the o-amino grouping may be synthesized by normal metabolic 
proc^ from a-keto or other groupings (r/. pp. 1102, 1106) at a rate 
sufficient for the needs of the growing animal. 

It seems probable that similar biochemical changes also proceed with 
the indispensable amino adds of the first class, though at rates too slow 
for growth requirements. Leucine of unnatural configuration is rapidly 
convey, in adult rate, into the natural variety. This has been demon- 
^ated by the administration of “unnatural” leudne contdning deu- 
tenim m the ^yl group and “heavy” nitrogen in the amino group: the 
leucme then isolated from the tissue proteins consists entirely of the 
naturd variety and contains deuteriuin but practically no heavy nitro- 
1 «fter the administration of the corresponding isotopically 

T ratio 

the nit,.*, 
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GENERAL PROPERTIES AND REACTIONS OF NATURAL 
AMINO ACIDS 

With the exception of proline and hydrox3nproline, all the amino 
acids isolated from protein hydrolysates contam a primary amino group 
in the a position to the carboxyl. The exceptions may be regarded 
also as a-amino acids in which the amino group is involved in ring for- 
mation; however, as may be judged from the solubility of proline in 
alcohol, this departure from the common form has a marked effect on 
physical as well as chemical properties. 

With the exception of glycine, which contains no center of asymme- 
try, all the amino acids of protein origin occur in optically active form. 
The sign of rotation by which they are distinguished is conveniently that 
observed in hydrochloric acid solution; an amino acid which rotates to 
the left when dissolved in four or more equivalents of acid is stated tcf be 
the levorotatory or (— ) variety, and vice versa. 

Among the amino acids of protein ori^ some are dextrorotatory and 
some are levorotatory, but evidence is accumulating that all possess the 
same spatial configuration. From approximately quantitative regulari- 
ties in the molecular rotatory powers of corresponding derivatives of 
lactic acid and alanine, Freudenberg and his collaborators have con- 
cluded that natural alanine possesses the same configuration as l{+y 
lactic acid. Analogous displacements of rotation are observed when 
groups (R) combined with the acid radical are varied in compounds con- 
taining the same substituents (R') on the amino and the hydroxyl group, 
respectively. 

CHa CH, 

H— C— NHR' H— C— OR' 

I I 

CO-R CO-R 

Similarly, the introduction of various acyl groups into natural leudne 
and valine and their esters causes parallel changes in optical rotation.** 

More direct evidence for the identity of the configurations of two 
“natural’' amino acids has been secured by Barrow and Ferguson.** If 
two optically active compounds Cabcx and Cdbcy, having the same con- 
figuration, each be converted into Qabxy by replacement of a common 
group c by V and x, respectively, the respective products, provided that 
no Walden inversion has occurred, will possess opposite configurations. 

•’ Freudenberg and ooUaboratora, Ber., 87, 1647 (1924) ; Ann., 818, 86 (1930 • 

*• Karrer and Veer. Btlt. Chim. Aeta, 18. 746 (1932). 

** Barrow and Fergueon, J, Chem. Soe., 410 C1935). 
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X * 

I I 

a— “C — h d— O— -6 

i 1 

e y 

f r 

a — Qr-^ 

I I 

C X 

This principle has been applied to the natural, dextrorotatory forms of 
alanine and valine. 


CH, 

I 

H-C— NH, 

I 

COjff 

2<+)«Alanine 


CH(CH,), 
H-C— NH2 
COiH 

t(+>-Vi]iae 


CH, CH, CH, 

I I I 

H— C— NH, -» H— O-NH, H-C— NH, 

I I I 

C(CH,),OH C(CH,),C1 CH(CH,), 

(— )-a-Methyl- 
ieobutylamine 


CH(CH,), 
H-C— NH, 

I 

CX),C,Hi 


CH(CH,), 
H— ^NH, 

I 

CH,OH 


CH(CH,), 
H— C— NH, 

I 

GHa 

UoDutylamme 


Tire ocmethylisobutylamine from the natural alanine formed a levorota- 
tory hydrochloride j that from the valine was found to be dextrorotatory. 
During the syntheses some loss of activity occurred in each case, but 
since none of the atoms directly attached to the asymmetric cwbon 
atoms was replaced during the processes, Walden mversions (p. 264) 

not to be anticipated. Natural alanine and valine therefore possess 

the same configuration. 


The rotatory power of an amino acid is often entirely different in neu- 
tral, aad, and alkalme solution. With the natural compounds the values 
pass through a negative maximum at the isoelectric point and invariably 
be^ lem levo- (or more dextro-) rotatory with increasing molar pri 

porfaons of either alkaU or acid." The reverse holds foTtSs unnatSral 
vmieties. 


Wood, J. Chem. Soe., IM, 1988 (1014) ; Caough, Oid. lOT 1500 rtoix^ . t j 

ooUoboratoi*, J. BM. Chm.. 81 887 tioao\ • T • towano md 

M, 1221 (1931). • ^ 88, 448 {19S0) ; 
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Natural aioino adds of protean origjmai« according befieved to pos- 
hes univosally the same oonfigaration as Z(+)-laetic add, and this spar 
tial relationship is expressed by the use of the prefix I-, which is employed 
without regard to the direction of the observed rotation. The latter is 
indicated by the sign (+) or (— ). 


COsH 

I 

HO-O-H 

I 

CHt 

Mid 


COiH CH. 

I I 

NHr<J-H - H-O-NH, 

1 I 

CHi COiH 

K'f)-Al«nuie 


C«H» 

H-O-NH* 

COjH 

IC-hUmbm 


The solubility relations of the ample a>amino monocarboxylic adds 
have been subjected to a critical study by Cohn and his collaborators.*^ 
With increadng length of chain, the solul:^ty in water decreases and the 
solubility in aqueous alcohol increases. In the homolc^us series, the 
difference between the lo^uithms of the solubility ratios for water and 
for absolute alcohol decreases by a constant amount for each additional 
methylene group. The substantial insolubility of anuno adds, in gai> 
erai, in absolute alcohol and other organic liquids reflects the charged 
condition of the molecule. In alcohol-water systems containing small 
proportions of alcohol the logaritiun of the molar solubility dimmishes 
inversely as the dielectric constant. The effect of inorganic salts, and 
the mutual ^ect of different amino adds, present in the same solution, 
upon their individual solubilities are ascribable to thdr influence upem 
the dielectric constant of the solvent. 

For every wnino add there is a definite value of pH at which it 
fails to migrate in solution to dther pole when subjected to an electric 
cutToat. This value, termed the isoelectric point, is that at which the 
molecule as a whole carries no unbalanced positive or negative duuge. 
The isoelectric point ooinddes with the point minimum solulality. 

According to the modem theory,** an aliphatic amino add in sdution 
at its isoelectric pdnt exists in its most hi^y charged condition with 
respect to its ad^c and bade groups aflke. This theory akme mqflams, 
for example, the effect of formaldehyde on the titration curves of amino 
adds. Addition of increasing amounts of formalddiyde to a solution ^ 
l^ydne causes a downward displacement of the curve in the tqfpon of 
higher pH but no dumge in that of lower pH; a similar effect is observed 
with ammonium acetate. Since, according to gmerallbr aoeepted views, 
tim effect of the addition of alkali to ammonium salts is the suppresdon 

**Cohm y-*— ». wid Wears, J. Am. Chem. Sac., Si. 3270 <iaS<). 

•Biwrum, Z. rMtt- UA U7 (1(128): HaRia. BioAtm. OA MOO CtaOBt 
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of basic ionization, it follows that in glycine, as in ammonium acetate, 
the upper portion of the titration curve relates to the basic function. In 
each case, therefore, the formaldehyde similarly suppresses the dissocia- 
tion of the basic groups. With amino acids containing more than one 
amino group (e.g., lysine) the number of constituent curves characteristi- 
cally shifted by addition of formaldehyde is equal to the number of basic 
groups present in the amino acid molecule; conversely, with monoamino 
dicarbo3Qrlic acids (e.g., aspartic acid) only one segment of the original 
titration curve is displaced, the two attributable to the carboxyl groups 
remaining unaltered. On the other hand, formaldehyde brings abou^ 
little or no displacement in the upper (higher pH) portion of the titrai 
tion curve of p-aminobenzoic acid, from which it is concluded that th<i 
aromatic amino group is only slightly dissociated. \ 

Aliphatic amino acids are therefore regarded as existing, in aqueous \ 
solution, largely in the form of molecules containing both positive and \ 
negative charges. 

NH8+-CHR-€02“ 

Such molecules, the net charge of which is zero at the isoelectric point, 
have received the infelicitous name ^^Zwitterion” (from the German word 
Zmtter, meaning hermaphrodite). The expression ‘‘dipolar ion’^ is more 
acceptable to the linguistically sensitive than the hybrid term currently 
employed. 

A solution of any given amino acid in pure water has not necessarily 
the pH corresponding to the isoelectric point of the amino acid; this 
would be true only if the acid and basic functions had exactly the same 
tendency to assume the charged condition. In the simple a-amino acids, 
the carboxyl groups have a slightly greater tendency to part with their 
protons than the amino groups to accept them; as a result the hydrogen- 
ion concentration of their solutions is higher than that of water, but not 
sufficiently high to bring the total number of positive and negative 
charges on all the amino acid molecules into exact balance. This condi- 
tion can be reached only by the addition to the solution of more hydrogen 
ions in the form of some acid. For the monoamino monocarboxylic acids, 
the isoelectric points of which lie at approximately pIL= 6, the discrep- 
ancy between the pH value of pure aqueous solutions and isoelectric 
point is but slight; it is much greater, of course, with the monoamino 
dicarboxylic acids. Conversely, the isoelectric point of the diamino 
monocarboxylic acids lies above pH = 7, and hydroxyl ions (in the form 
of alkali) must be added to their pure solutions to render them isoelectric. 

Addition of increasing amounts of mineral acid to a solution of an 
amino acid causes the suppression of the negative charge, until finally 
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the equilibrium mixture contains the amino acid in its purely cationic 
form. 

NH3+-CHR-C02- + NHS+-CHR-CO 2 H 


Addition of alkali causes the suppression of the positive charge, with 
production of the anionic form. 

NHS+-CHR-CO 2 - + OH- NH*-CHR-C02- + H 2 O 


The equilibria involved at different pH levels are illustrated by the 
case, discussed by Cohn in his admirable review, of the monoamino 
dicarboxylic acids. 


nhJ-r' 


.CO»H 


5=*H‘^+ 


COjH 

pH=2 


/C30^ / 

NHj-R ?=SH*+NH.-r' 

2 \ 2 

KHJ-R^ fiiH'^+NHj-R 

cojH ^cor 

pH=4 




OOjH 

,cor 


EH++NHi-R' 


/ 


00 ; 


^OOi 


pH—9.6 


That amino acids in their isoelectric range exist mainly in the dipolar 
ionic form is indicated by their Raman spectra.^ Fatty acids in aqueous 
solution (in which they are but weakly ionized) exhibit a line at about 
1720 cm.—^ characteristic of the carbonyl group; on the addition of suf- 
ficient alkali to cause almost complete ionization, this line vanishes. 
Amino acids fail to exhibit a line at this frequency, but do so when con- 
verted into their hydrochlorides. Conversely, free primary amines show 
strong Raman lines between 3300 and 3400 cm.~^; lines in this repon 
are not displayed by amino acids in their isoelectric zone, but appear on 
the addition of alkali. Similar conclusions may be drawn from the be- 
havior of amino adds towards water containing isotopic oxygen (H 20 “). 
In this medium, simple carboxylic adds acquire “heavy” oxygen atoms 
at pH 1, but do not so exchange when in the form of their potasdum salts; 
glycine fails to exchange at pH 7, but does so at pH 1.9.“ The produc- 
tion of betaines from ethereal diazomethane with solid amino adds also 
pdnts to thdr existence in dipolar ionic form; “ in most cases tiie simulr 
taneous production of amino acid methyl ester demonstrates the presence 

« Cohn, BmiA. PhytM., SS, 781 (1931). 

“ EdaiJl, /. CKem. Phy,., 4, 1 (1936) ; I, 225 (1987). 

*» Meww, ibid., 6, 296 (1938). 

•• Kuhn and Biyddwna, Btr., TO, 1333 (1937). 
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of srane of the undiaiEKl form. Qoly the estw is formed from oompounds 
like anthranilic add in which the amino group is inherently of weakly 
basic character. 

Dipolar ions possess a large electric moment,*^ particularly those of 
lydne and arginine, which exist in solution largely in the form of ions con- 
tuming positive and negative charges at opposite ends of relatively long 
chains. Dicarboxylic amino adds, in isoelectric solution, exist mainly 
as less polar ions, resembling those of the simple o-amino adds, for their 
terminal carboxyl groups are less hi^y dissociated than those contigu- 
ous to the amino group. In solvents of low dielectric constant, such as 
90 per cent alcohol, the concentration of highly polar ions is smaller, anq 
that of uncharged molecules grater, than in water. For this reason it id 
possible, by the use of suitable indicators, to titrate independently either , 
the addic ** or the bade ** fimction of amino adds in aqueous alcohol, 
acetone, or dioxan solution. 

The bade groups of amino adds can be quantitatively titrated in 
glacial acetic add solution with perchloric add in the same solvent.*^ 
The titration may be carried out dth^ potentiometrically by the method 
of Hall and Ck>nant,*^ or with the aid of a suitable indicator such as 
crystal violet.** The amino group behaves as a strong base, as in all 
aliphatic amines,** while the dissociation of the carboxyl group is com- 
pletely suppressed by the solvent. 

The dipolar character of the amino acids is reflected in their relative 
infudbility and low volatility. When strongly heated, they melt with 
profoimd decompodtion ** at temperatures well above 200°; some show a 
tendency to sublime below the decompodtion point.** 

Since the negative character of the carboxyl group is suppressed by 
esterification, the amino add esters are far more volatile than the amino 
adds. On distillation, they undergo some condensation with loss of alco- 
hol. This reaction occurs more readily with the methyl and ethyl esters 

RCHNH, RCH-NH-CO 

2 I I I +2C,HbOH 

COjCsHs OO-NH-CHR 

** EdaaU and Blanchard, J. Am. Chem. Soe., U, 2337 (1033). 

» Poroman, Bioehem. 14, 451 (1020) ; SS, 208, 222 (1028). 

Mlindenri^-Lana, Z. pkytioL Chem.. 173, 82; 174, 276 (1028). 

** Popovid and Raduteaoa, Stitt, toe. Mm, bioL, SO, 73 (1038). 

*^ Hama, Sioehem. J ., SO, 2820 (1036) ; A* Si/A, Chem,. 84, 206 (1020) ; Nadaou 
Braneben, /. Am, Chem, Soe.. 37, 1363 (1036). 

** Haa and Conant, tUd., 40, 3047 (1027). 

** Conant and odlaboratora, ibid.. 40, 3062 (1027); SS, 4436 (1030). 

**Haa and eoUaboratenn, ibid,. 00, 2367 (1028) ; OB, 6116 (1030). 

*» Dunn and Broidiy. J. Siot, Chem,. 09, 221 (1032). 

*• Brown, Tnme. Sou. Sac. Can.. Sect. IH, SO. 178 (1032) ICjL„ S7, 1617 (1038)]. 
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tlian mtli esters of hii^er alcohols 8udi as butyl.*' Aualogoiis 0(Bidez)i8a> 
lions take place with loss of water, whm amino adds are heated alone, ta 
better, in the presence of /3>naphthoL** 

Another type of deo(Hnpodlti<nx tdiiohoccurs onheatingis deoarboEiylar 
tion.* 

RCHNHi 

1 RCHiNH* + CO* 

CO*H 

This resustion takes place more readily in the preswce of barium hydrox- 
ide or diphenylamine.** It also occurs whoi solutions of amino adds are 
ej^osed to the action of putrefactive organisms. Several of the amines 
so produced from natursd amino adds are pharmacologically active; their 
formation in the lower intestine may be responsible for some forms of 
auto-intodcation. 

The usual fimctions of the carboxyl group in an sunino add are evi- 
dent only tmder conditions in which the negative charge is suppress^. 
On treatment with alcohols, esterification takes place only in the presence 
of an equivalent amotmt of a minersd add, such as hydrogaa chloride.** 
Amides are formed with great difficulty by heating sunino adds with 
alcoholic ammonia; ** they are somewhat more readily produced by the 
action of alcoholic ** or anhydrous ** ammonia upon amino add esters. 
Chlorides of amino adds sue capable of existing only in the form of salts, 
such as the hydrochloride. These have been prepared by treating a sus- 
p^idon of the amino add in acetyl chloride with phosphorus pentss- 
chloride.** Esters of amino sidds are reduced to the corresponding alde- 
hydes by sodium amalgam.** 

o-Amino sdds can, under suitable conditions, be made to undergo all 
the chemical resuitions common to aliphatic primsuy amines. By the 
action of nitrous acid, for instance, they are converted into the corre- 
sponding hydroxy suads, with liberation of nitrogen. 

RCHNH* ROaOH 

1 + HNO, 1 + N» + H*0 

CO»H COjH 

» Moiwui, J. Chtm. Soe., 79 (1926). 

M Liehtenst^. J. A.tn. Chan. Soe., 60, 560 (1938). 

** Cahouio, Ann., 109, 10 (1859) ; S(Au1m and BarUedi, 14, 1785 (1881) ; lA 
1711 (1883) ; Erlenineyer and Lipp, Ann., 819, 161 (1883). 

M Johnson and Diwohavsky, J. Biol. Chan., 68, 725 (1925) ; Abderhalden and Gabddn, 
Z. phvtM. Chan., 198, 125 (1926). 

" (Jurthia and Goebel, J. pntkt. Chan., fZl 87, 150 (1888). 

Heinte* ilnn.. Ifill A7 

41 Franohlmont and Medmaon. tra 9 . M* 75 (1906;, 

«* Koeidgs and Mylo, Ser., 41, 4427 (1908). 

« Fiw&er, jBer., 88, 605, 2914 (1905). 

« Neuberg, Bor., 41. 968 (1908) ; BIsiAar, Bsr., 41, 1019 (1908). 
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This reaction forms the basis of a valuable analytical method for the 
estimation of primary amino groups in amino acids, peptides, or proteins. 
It takes place quantitatively and rapidly by the action of acetic acid and 
sodium nitrite in excess; the nitric oxide which is simultaneously evolved 
by the reagents is removed by means of alkaline permanganate. Acid 
ami de groups as a rule yield no nitrogen unless mineral acids are present, 
and amm onium salts buffered with sodium acetate react only very slowly. 
This reaction serves also to differentiate primary amines from the second- 
ary variety (as in proline), from which no nitrogen is evolved. The 
guanidino group, which occurs in arginine, likewise yields no nitrogen 
unless mineral acid is present. 

Comparable analytical results can be secured by treating alkaline 
solutions of amino acids and peptides with copper phosphate; the ', 
amount of copper taken into solution (as a complex of the ammine type) 
furnishes a measure of the amount of amino nitrogen present.^ Proline 
and hydroxyproline, which yield no nitrogen on treatment with nitrous 
acid, respond to this procedure. 

Acylation and similar processes are the most efficiently performed 
when the amino acid is in solution or in the form of a metallic salt. It 
seems probable that such reactions take place with amino groups only 
in their uncharged form, for it has been shown that in the solid state 
amino acids exist almost entirely in the form of electrically charged 
dipoles.^ In simple aqueous solution the proportion of uncharged amino 
groups in equilibrium with the positively charged ionic groups is sufficient 
to permit acylation reactions to proceed at a slow rate; in the presence 
of added alkali this proportion is greatly increased, and acylation is facili- 
tated. The principle is illustrated by the need for alkaline conditions 
during the introduction of phenylureido,®® arylsulf onyl, or benzoyl groups 
into amino acids.®^ 

NH 8 +-CHR-CO 2 - + OH~ NHy-CHR-C02“ + H 2 O 

NH2-CHR-C02-- + ArNCO ArNH-C0-NH-CHR~C02“ 

In these procedures, only one such group is introduced; however, on 
treatment with methanesulfonyl chloride and alkali, amino acids are 
converted into mono- and di-N-methanesulfonyl derivatives, which are 
soluble in organic liquids and relatively stable towards aqueous acids and 
alkalies.*® 

Van Slyke, J. Biol, Chem,, IS, 276 (1912). 

Pope and Stevens, Biochem, 83, 1070 (1939). 

^ Cohn, Ann, Reo, Biochem,^ 4, 93 (1935). 

Paal, Ber., S7, 974 (1894) ; Neuberg and Manasse, Ber., 38, 2359 (1905). 

» Baum, Z. j^yaiol, Chern,, 9, 465 (1885) ; Fischer, Ber., 8S, 2451 (1899) ; Fischer and 
Bergdl, Ber., 85, 3779 (1902). 

^ Hdferioh and Grilnert, Ann,, 645, 178 (1940). 
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Acetylation of natural amino acids leads, under certain conditions, 
to loss of optical activity. When the reaction is carried out in cold acetic 
add or in alkaline solutions by means of the theoretically necessary 
amoimt of acetic anhydride, optically active acetamino acids are pro- 
duced. 

RCHNH* BCHNHCOCH, 

I + (CH,CO)sO -♦ I -4- CH«C02H 

COjH COjH 

These are, however, racemized by heating in acetic acid solution with 
small quantities of acetic anhydride, and with large amounts they are 
converted into inactive azlactones.^ Not only is this form of racemiza- 
tion brought about by acetic anhydride, but it takes place even more 
rapidly by the agency of other azlactones.** Equilibria of the types prob- 

RCHNHCOR' RCH-N=CR' 

I -f- (CH,C0),0 ^ \ I -h 2CH»COsH 

CO 2 H CO 0 

RCHNH-COR' R"CH-N=CR' RCH-N==CR' R-CHNHCOR' 

1 +1 1^1 I + I 

CO*H CO 0 CO 0 CO 2 H 

ably occur, in which the racemization takes place with the intermediary 
azlactones. 

On the other hand, when an optically active amino add is treated 
with excess of acetic anhydride in the presence of ammonium thiocya- 
nate, an optically active acetyl thiohydantoin results.® The formation 
of this type of compound is presumably due to a reaction more rapid than 
the racemization of the azlactone,® and is analogous to the reaction be- 

RCH-N=CCH» RCH-NHCOCH, RCH ^NCOCHs 

I I + HSCN ->1 -•'ll 

CO o CONCS OC-NH-CS 


tween azlactones and hydrogen chloride.®^ 


C«H6C=N-CHR 

-bHCl 


CeHsCO-NHCHR 

I 

coa 


Although the acetyl group can be introduced without racemization by 
the action of acetic anhydride in excess upon primary amino acids dis- 

" Bergmaim and Zervaa, Bioehem. Z., SOS, 280 (1028). 

•* Carter and Stevrens, J. Biol. Chetn., ISS, 117 (1040). 

“ Caonka and Nioolet. ibid., 90, 213 (1932). 

“ Johnson and Soott, /. Am. Chem. Soe., SS, 1136 (1913). 

” Mohr, Ber., U, 2621 (1900) ; /. prakt. Chem., EZ] 81 , 40, 473; {2] 81 , 822 (1010). 
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solved in boiling water,** the same reaction earned out in the presence of 
sodium acetate at leads to a completely racenised aoetamino 

add.** On the other hand, under these conditions the secondary amino 
add proline is acetylated without racemization. 

Hydantoins of natural amino adds are rapidly racemized in cold solu- 
tion by traces of alkali.** The racemization, wMch does not occur with 
the corresponding hydantoic adds or with hydantoins of the type is 



ascribed to the ionization of the hydrogen atom attached to the asym- 
metric carbon atom, to which activating groups are linked." Introduc- 
tion of a phenyl group at position 3 of the hydantoin ring 


< 6 ) ( 1 ) 
RCH— NH. 


CO— NH- 


^ 0 ( 2 ) 


( 4 ) ( 3 ) 


increases the rate of racemization by small quantities of alkali, and a 
similar, though smaller, effect occurs when a methyl group is introduced 
at position 1. As these substitutions prevent enolization at these posi- 
tions, and thereby inhibit any conjugation with enolic imsaturation 
between positions 4 and 5, it is concluded that racemization cannot be 
due exdudvely to enolization. 

When primary o-amino acids are warmed with acetic anhydride in the 
presence of pyridine,** methyl acetaminoalkyl ketones are produced. 

/NH, /NHCOCH, 

RCH< + (CH,C0),0 -4 RCH< + CO, 

XXm N30CH, 


Under the same conditions proline and N-alkylamino acids are merely 
acetylated, and no corresponding ketone is formed from (»>amino-a- 
phenylpropionic add. 

** Behr and Clarke, J. Am. Chem. Soe., M, 1630 (1032). 

** du t^gneaud and Mejrer, J. BioL Chem., 08 , 206 ; 09 , 143 (1032). 

« DaUn, Am. Chem. J., 44 , 48 (1010). 

** Bovarnidc and CSarke, J. Am. Chem. See., 00, 2426 (1038). 

•* Levww and Steiger, J. Bid. Chem., 74 , 680 (1027) ; 70 . 05 (1028) ; Dakin and West 
ibid., n. 91. 767 (1028). 
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On treatment mth a boiling solution of urea, oKunino adds ymld the 
oorreqmnding hydantoic adds.** 

NHjCONHt + NHjCHR-OOja -» NHiCONH-CHR-COiH + NH," 

During the process racemization takes place. This may be avoided by 
the use of potassium cyanate.*” 

KCNO + NH^HR-CO*H NHjCONH-OHR-00^ 

The resulting hydantoic adds readily undergo ring dosure to the hydan- 
toins on boil^g with hydrochloric add, 

NH-CHR-CO*H NH-CHR-CO 

I -»• 1 1 +H^ 

CONH* CO ^NH 

a reaction which would proceed in the reverse direction if the reacting 
groups were not held near to each other by a connecting cluun. 

The introduction of acyl or urddo groups abolishes the amphotmc 
character of amino adds; the products are soluble in non-polar organic 
liquids, and are suitable derivatives for identification. 

When carbon dioxide is passed into alkaline solutions of amino acids, 
salts of corresponding carbamino acids are produced.** 

RCH-COs- RCH-CO,- 

I + CO* + OH- -» 1 + H,0 

NH* NH-CO*- 

The caldum and barium salts are sparingly soluble in dilute alcohol; 
in boiling water they break down into the amino odds and metal car- 
bonate. An attcanpt has been made ** to exploit the differences in solu- 
bility of the barium salts of the carbamino adds for the systematic sepa- 
ration of the products of protdn hydrolysis. 

Basic mercury salts of carbamino acids are formed when mercuric 
acetate is added to solutions of amino adds made — and maintained — 
alkaline with sodium carbonate.** 

RCH-COjH R-CH-CO,Ns RCH-C(V 

I +Na*CO*-* I I >HgHgO 

NH* NHCOsNa NH-CO*/ 

In most instances these salts are nearly quantitativdy predpitated on 
the addition of alcohol. 

•> lippich, Ber., 89, 2963 (190«) ; 41, 2974 (1908). 

** Sieved and ooUaboraton, Z. Chtm., 44, 85 (1906) ; 48, 401 (1905) ; 04, 423 

(1908); 88,296(1010); 81,260(1012); Ber., 89 , 897 (1006) ; Btadie and /. BM 

Chem., 112, 723 (1036). 

<* Sduyver and ooUaboraton, SimAem. J., 18, 636 (1921) ; 418, 1070 (192^. 

** Neuberg and Kerb, Bioc6em. B., 40, 408 (1912). 
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Anuno adds are converted into the corresponding guanidino adds 
by treatment with 0-methylisourea,” or S-methylisothiourea. 

NH NH 

II II 

CH3OC + NH*-CHR-COs- -♦ CHsOH + C— NH-CHR-CO," 

I I 

NH2 NHj 

Reference has already been made (p. 1087) to the use of formaldehyde 
in the titration of amino adds. Sorensen,** who developed the process as 
an analytical method, ascribed the suppression of the basic functions bf 
the amino group to the establishment of an equilibrium involving metn- 
ylene compound of the type formulated by Schiff. \ 

CH2O + NH2-CHR-CO2- -♦ CH2=N-CHR-C02- + H2O 

However, the reaction appears to be more complicated. Metallic salts 
of such condensation products have been prepared which contain the 
elements of one or more additional molecules of water or formaldehyde,** 
so that it seems probable that in solution an equilibrium exists between 
the methylene, methylol, dimethylol, and more complex forms. On the 
other hand, determination of the equilibrium constant of the reaction 
between amino acids and formaldehyde ™ points to the formation, over 
the range pH 8 to 10, of equimolar compounds only. 

CH2O + NH2-CHR-CO2- + OH- -OCH2-NH-CHR-CO2- + H2O 

Studies of titration curves ” of amino adds with increasing concen- 
T:;rations of formaldehyde indicate the formation of dimethylol derivatives 

CH2O + H2N-CHR-CO2- ^ CH2OH-NH-CHR-CO2- 
CH2O + CH,0H-NH-CHR-C02- (CH20H)2N-CHR-C02- 

in which the basic properties of the nitrogen are suppressed to tiie 
point at which they are no longer discernible in the titration. Proline, 
which is incapable of forming a Schiff base or a dimethylol derivative, 
exhibits appreciable basic dissociation in the presence of even a large 
excess of formaldehyde. 

When heated in acid solution witii formaldehyde, amino adds [with 
the exception of glycine, which is converted into methylene di^ycine, 

O’ Kapfluunmer and MQller, Z. Chem., SM, 1 (1934). 

** Seranaen. Bioehem. Z., 7. 45 (1907). 

** Fraacen and Fdlmer, /. prakt. Chtm., [2] 95, 299 (1917) ; Krause, Btr., 51, 136, 642; 
1566 (1918); 61. 1211 (1919). 

**Tomiyama, J. Biol. Chem., Ill, 51 (1935). 

« Levy, ibid., 99 , 767 (1933). 
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CH2(NH-CH2~C02H)2] undergo extensive decomposition, a large 
propOTtion of their nitrogen being liberated in the form of methylamine.'^ 
It appears probable that this decomposition involves the transpodtion 
of the double bond of a Schiff base 

CH 2 =N~CHR~C 0 »H CH 8 N«CR-C 02 H CH8NH2 + R-CCM:JOaH 

Similar decompositions are brought about by o-quinones,” methyl- 
glyoxal,^® sugars,’^ isatin/* and a-keto acids.*^* In the last instance, the 
condensation product undergoes rearrangement with simultaneous decar- 
boxylation, followed by hydrolysis. These reactiqns may proceed in two 
direction, with formation of the aldehyde derived either from the amino 
acid or from the keto acid, or both. When the former aldehyde is pro- 
duced, a new amino acid is also formed. 

R-CH(NH2)~C02H + R'-C0-C02H 

i 

R-CH-N=C-R' 

1 I 

CO2H CO2H 

^ X 

R-CH— N*«C-~R' R- 0 =N— CHR' 

II II 

CO2H H H CO2H 

i I 

RCH-NHa R'-CHNHa 

I + R'-CHO R-CHO + 1 

CO^ CO2H 

The nature of the substituents R and R' appears to determine which of 
the two carboxyl groups is eliminated. 

Aromatic aldehydes yield condensation products with amino acids in 
the presence of alkali,® yielding SchiR bases AJ^~CH=®=N--CHR-C 02 Na 

72 L6b, Biochem, Z., 51, 116 (1913). 

7* Zeleny and Gortner, J, Biol. Chem., 90, 427 (1031). 

7^ Clarke, Gillespie, and Weisidiaus, J. Am. Chem. Soc., 90, 4571 (1933). 

72Ki8di and ooUaborators, Biochem. Z., MS, 1 (1931); 244, 440; S47, 371; 249, 63 
(1032). 

7« Kisch, ibid., 257, 334 (1933). 

77 Akabori, Ber., 65, 143 (1933). 

7t Franke, Biochem. Z.. 258, 296 (1933). 

7* Herbst and Engel, J. Biol. Chem., 107, 605 (1934) ; Herbst, J. Am. Chem. Soc., 58, 
2239 (1936). 

2^ Gemflpx>sB, Biochem. Z., 108, 89 (1920) ; Gemgross and Zuhlke, Ber., 87, 1482 (1024); 
Bergmann and ooUaborators, Ber., 58, 1034 (1925) ; Z. phye/Ui. Chem., 152, 282 (1926) ; 
172, 277 (1927). 
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in which the dcmble bond, being conjui^ted with the aromatio nucleus, 
shows less tendfflioy to migrate and thereby to ioitiate further decom- 
position of the kind observed with aliphatic aldehydes. Subsequent 
condensations may, however, take place with further quantities of the 
aromatic ald^yde;^^ glycine and benzaldehyde yield N-benzylidene 
phenyl serine, 

C.HjCH-=N-CH-CHOH-C*H, 

CO>H 

together with a by-product in which the carbon structure of the 
add does not reappear. 

CdHeCH—N-CH-CHOH-CsHs 

I 

Measurements of optical activity ^ indicate that under milder condi- 
tions, in cold aqueous alcohol at pH 9-10, reversible equilibrium reactions 
take place between aromatic aldehydes and amino adds, with formation 
of compoimds such as 

Ar-CH(NH-CHR-COiiH)* 

Ar-CHOH-NH-CHR-CO*H 

(Ar-CHOH),N-CHR-COjH 

The maximum change of rotation is usually reached with 2rS moles of 
the aldehyde. 

The action of jS-naphthoquinone and the closely related 1,9-naphtho- 
quinone-4-sulfonic add upon o-amino adds is of practical as well as 
theoretical interest. With aniline, both these compounds are converted 
into 2-hydroxy-l-naphthoquinone-4-anil, a red substance which resists 
the reducing action of sulfurous add. In the first case,” part of the 
quinone is reduced to the hydroquinone; 

NCsHi 

n ErisnDMyer and ooUabonton, Ber., U, 3446 (1802) ; S8. 1866 (18810 .* SO, 1627, 2806 
(1807) ; Aan^ 284, 36 (1804) ; 307, 70, 113 (1800) ; 337, 206 (1804). 

**Qellaiid aad Mead, /. Chem. Soe., 210 (1036). 

"‘JMmamaa, Btr., U, 1310 (1881): l^ynoka, Ber., 14, 1403 (1881); Idebarmaim and 
Jaaobaon, Ann., 211, 36 (1882). 
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in the second,** the sulfonic group is eKminated as sulfur dioi^. 



Asoino adds appear to act similarly, yielding red solutions, the color 
of which, in contrast to that of the quincme reag^t, is not disdiarged 
by thiosulfate.** The intensity of the color developed with /l-naphtho* 
quinonesulfonic acid is, with almost all the natural amino adds, propor- 
tional to their molecular concentration, so that the test can be applied 
for the quantitative estimation of amino adds in general. 

The “ninhydrin” reaction, a sensitive color test in which a blue color 
is developed on warming amino adds with triketohydrindene hydrat^in 
dilute aqueous solution, involves oxidative deamination.** The first step 
consists in the dehydrogenation of the amino add, which passes over into 
ammonia and an aldehyde. 


CO 


CO 



;c(OH), -I- 


K-CH-CO*H 

lIlHa 



:CHOH + ECHO + NHa + CO* 


Triketohydrindene and its reduction product then condense with am- 
monia to yield the blue coloring matter. 



the constitution of which is analogous to that of mureride. Identical 
color intensities are developed with equimolar solutions of all a-amino 
adds and other compoimds, such as dipeptides and aminoacetone, which 
contain o-aminoaqyl groups.** Proline and hydrcKyproline yield with 
triketohydrindene a differ^t type of condensation pr^uct, in ^ninch only 

•* Bdniger, Bar., IT. 29 (1894). 

•» Folin, J. BUL Chem., U, 877, 393 (1922). 

M Ruhemum, J. Chem. Soe., 97, 202S (1910) ; 99, 792, 1488 (1911) ; Afadwfashton and 
Sebmidt, Z. phveiaL Chem., 71, 87 (1911); Hardiikg and WanMfMd, J. BiU. Chem., 99, 
319 (1916); Rati&cw, /. Am. Chem. See., 39, 1039 (1917). 

" CSierbuliM and fieraenatoin, Beh. Chim. Aeta, 17, 1440 (1984). 
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the carlxHQrl group has been eliminated.** That from proline has the con- 
stitution 

CO nh ^ 

oc 

}x) CH^H, ^ 

and possesses a red color. 

The reaction with triketohydrindene has been applied to the estimar 
tion of a-amino acids ** and some monoalkylamino adds •* by measuring 
the amount of carbon dioxide evolved. Urea, peptides, esters, and amicles 
of amino acids, acylamino acids, and N-dialkylammo acids do not redct 
under the conditions specified. , 

Amin o acids and esters, like simple amines, are converted by sodiuih 
h3^chlorite into N-chloro derivatives, the process being almost inde- 
pendent of concentration.*^ The resulting products break down, slowly 
in the cold but rapidly on warming, into ammonia, carbon dioxide, and 
an aldehyde. 

NHf-CHR-CO*H -♦ NHCI-CHR-CO2H -4 NH==CHR + CO* 

* RCH==NH + H2O RCHO + NH* 

The reaction proceeds similarly with secondary amino acids; sarcosine 
yidds methylamine in place of ammonia, proline breaks down into carbon 
dioxide and pyrroline. 

CHj-CH* CH2-CH* CH*— CH, CH,— CH, 

II II .... 

CH, CH-CO,H CH, CH-CO,H CH, CHO CH, CH 

\/ \/ \ 

NH NCI NH, N 

The presence of two alkyl groups or of an acyl group on the nitrogen atom 
inhibits the action of hypochlorite. Amino acids completely substituted 
in the a-podtion (e.g., a-aminoisobutyric acid) are, on the oilier hand, 
readily oxidized to ketones. 

^0,1% R'>^ ^COJI Rv^ R'>^ 

C^ - C'^ ^0=>=NH TO 

'^NH, R^ ^NHQ R^ b / 

Qragflmann and v. Amim, Ann,, 509* 288 (1934). 

••Van Slyke and coUaboratorB* J. Bud. Chm., 141* 627, 671 (1941). 

•• Maaon* Biochem. J., 82, 719 (1938). 

Langheld. Ber., 48* 2360 (1909). 
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Chloramine T (sodium p-toluenesulfonchloroamide) in neutral solu- 
tion acts in the same way as hypochlorite,®* yielding aldehydes, carbon 
dioxide, and ammonia when equimolecular quantities of the reactants 
are employed. With two moles of chloramine T, on the other hand, a 
different reaction occurs whereby nitriles are formed. 

RCHNH 2 RCHNCI 2 

I -^1 RCN + 2HCI + CO 2 

CO 2 H CO 2 H 

Both types of reaction occur when amino acids are oxidized with sodium 
hypobromite, the formation of aldehyde being favored, at the expense of 
nitrile production, by high alkalinity.®^ 

Amino acids are oxidized by peroxides ®® or persulfates ®® with forma- 
tion of aldehydes. Oxygen in the presence of charcoal, palladium black,®^ 
or finely divided iron ®® causes their breakdown to aldehydes or ketones. 
The fact tnai) a-dimethylamirioisobutyric acid is readily oxidized by 
oxygen in the presence of charcoal,®® yielding acetone, carbon dioxide, 
and dimethylamine, indicates that an addition compound with oxygen is 
formed. Ozone also breaks down not only the natural amino acids, but 
also dialkylamino acids, a-aminoisobutyric acid, and a-dimethylamino- 
isobutyric acid into aldehyde (or ketone), carbon dioxide, and volatile 
base. Similar products are foimed from all the same types of compound 
by the action of silver oxide, with which mono- and dimethylamino 
acids react more readily than the primary compounds; betaine and 
)S-alanine are not attacked. 

Amino acids are not oxidized by methylene blue alone, but are de- 
graded to aldehydes by palladium black in the presence of a hydrogen 
acceptor such as alloxan or dinitrobenzene. ®^ Charcoal is without action 
in the entire absence of oxygen.^®^ 

Amino acids are deaminated on exposure to ultra-violet light; the 
reaction is specific for the a-amino grouping and takes place in neu- 
tral, acid, or alkaline solution. Little is known of its mechanism. 

Dakin and collaborators, Proc, Roy, Soc, {London), B89, 232 (1916); Biochem, J„ 
11, 79 (1917). 

»» Dakin. Biochem, J„ 10, 319 (1916). 

Friedman and Morgulis, J. Am. Chem, Soc., 58, 909 (1936). 

Dakin. J. Biol. Chem., 1, 171 (1905) ; 4. 63 (1908) ; 6. 409 (1909). 

** Lang, Z. physiol. Chem., 241, 68 (1930). 

Wieland and Bergel, Ann., 439, 196 (1924). 

•*Handovsky, Z. physiol. Chem., 176, 79 (1928). 

•• Bergel and Bolz, ibid., 880, 20 (1933). 

Herbst and Clarke. J. Biol. Chem., 104, 769 (1934). 

Wieland, Drishaus, and Kozchara, Ann., 813, 203 (1934). 

Neuberg, Biochem. Z., 18. 305 (1908). 

Lieben and Urban, ibid., 889, 250 (1931). 
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The oxidative deamination of amino acids by biological s3^teins, an 
important vital process, has been shown to be effected by two enzyme 
systems present in kidney and liver, namely deaminase and d-deam- 
inase, which respectively convert the natural and the unnatural varieties 
into ammonia and the corresponding a-keto acids, 

RCH-CO2H 

I RCO-CO2H + NHs 

NH2 

a process which has been shown to be biochemically reversible to the 
natural form. 

Dehydrogenation of amino acids to derivatives of the corresponding 
unsaturated amino acids has been effected by means of a remarkable 
reaction discovered by Bergmann and Stem.^®® When chloroacetyl- 
phenylalanine is warmed with acetic anhydride, the product consists of 
o-€icetaminocinnamic azlactone, identical with the product of the action 
of benzaldehyde and acetic anhydride upon acetylglycine.^®^ 

CeHsCHr-CH-NH-CO-CHaCl CeHBCHjrCH— 

I I 

CO2H CO— CK 


C6H6CH2-C==N 




C6H8CH=C — Nvn 




C-CHs 


In like manner, a-bromopropionylalanine is converted into the azlactone 
of a-propionaminoacrylic acid, which on hydrolysis readily yields pyruvic 
acid; a similar series of reactions is undergone by a-bromopropionyl- 
asparagine.^* 

The conversion of chloroacetamino acids to unsaturated azlactones 
proceeds even more readily in the presence of pyridine.^®® With pyri- 
dine alone a betaine hydrochloride is formed; when this is treated with a 
mixture of acetic anhydride and pyridine, it yields the azlactone, but 
with acetic anhydride alone, it is converted into a cyclic compound of a 
novel type. 

w^Krebfl, Z. physiol. Chem., 217, 191; 218, 167 (1933); Biochem. J., 29, 1620 (1936). 

106 Knoop, Z. physiol. Chem,, 67, 489 (1910) ; Knoop and Kertess, ibid., 71, 262 (1911) 
Neber, ibid., 284, 83 (1936). 

106 Bergmann and Stem, Ann., 448, 20 (1926). 

107 Erlenmeyer and FrdstCick, Ann., 284, 36 (1895). 

Bergmann, Kann, and Miekeley, Ann., 449, 135 (1926). 

100 Bergmann, Zervas. and Lebreoht, Ber., 64, 2316 (1931). 
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C6H»CHr<3H-NHCOCH»a 

I + CsHsN ■ 

COsH 

CeHsCHr^H-NH-CO-CHj-NCbHs 


COsH 

AoiO + CtH(X 


a 


C«H»CH=C — 

1 yccH, 

CO— (K 


AoiO 


I 

COCH, 

I 

CeHsCHsCH— N-CO 

I I 

c c 


o- 


N+C»H, 


A similar product is formed by the action of a mixture of acetic anhydride 
and pyridine upon cliloroacetyl glycine, which is of course incapable of 
yielding an unsaturated azlactone. These substances lose acetyl on 
heating with acid or alkali, but the p 3 rridine can be regenerated only by 
pyrolysis or by disruptive oxidation. 

CHr-COjH CH*-CO*- CH*— C-O" 


NH-COCHsCl 

CH*- 


NH-CO-CHj-N+CsHs CHsCON-CO-C-N+CeHs 


-C-0- 


Hrf), 


NH-CO-C-N+CsH« 


CHr-COjH 

I 

NH-CO-COsH 


+ C,HjN 


a,j8-Unsaturated amino acids per se are apparently incapable of inde- 
pendent existence, but the presence of an acyl group on the nitrogen atom 
imparts sufficient stability to the molecule. A reversal of the effect of 
hydrolysis, mentioned above, can be brought about by condenting o-keto 
acids with acid amides. When, for instance, pyruvic acid is heated with 
acetamide, a mixture of a-acetaminoacrylic add and a,a!-diacetaimno- 
propionic acid results.**® 


CH, 

1 

CH, 

1 

CO 

II 

+ CH,CONH, -♦ C— NHCOCH, + H,0 

1 

CO*H 

1 

CO,H 

CH, 

1 

CH, 

1 

CO 

1 

+ 2CH,<X)NH, -♦ CfNHCOCH,), + Hrf) 

I 

CO,H 

CX),H 


**®Bergmann and Qrafe. Z. fhytioL Chem., 187, 187, 198 (1930). 
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The diacetamino compound is readily converted into acetaminoacrylic 
acid by heating with acetic acid. With acetic anhydride it yields an 
azlactone, 

CHs 

I 

CHjCONH— C — 

I >C-CH» 

CO— 0 / 

which readily reacts with amino acids to yield condensation products 
of peptide character. 

CHa i 

I 

CHaCONH-^C— NHCOCH3 

I 

CO— NH-CHR— CO2H 

Acetaminoacrylic acid takes up hydrogen in presence of palladium, yield- 
ing dZ-acetylalanine. 

When an a-amino acid is digested in weakly acid solution with p- 
nitrophenylhydrazine, the bisnitrophenylhydrazone of the corresponding 
o£-ketoaldehyde is gradually deposited.^^^ 

RCHNH2 RC=N-NH-C6H4N02 
I I + NH3 

CO2H CH=N-NH-C6H4N02 

This remarkable reaction takes place not only with a-amino acids in gen- 
eral but also with a-hydroxy acids. It is of peculiar interest to the bio- 
chemist inasmuch as it constitutes a reversal of a biological synthesis of 
amino acids in which a mixture of an a-ketonic aldehyde and ammo- 
nium carbonate, when perfused through a dog^s liver, is converted into 
the corresponding amino acid. The reaction with a-hydroxy acids is 
likewise a reversal of the well-recognized enzymatic conversion of methyl- 
glyoxal to lactic acid. 

GENERAL SYNTHETIC METHODS FOR PREPARING a-AMINO ACIDS 

The classical method consisting in the action of ammonia upon o- 
halogen-substituted acids, 

R--CHBr-C 02 H + 2 NH 3 R-CH(NH 2 )-C 02 H + NH 4 Br 

an example of which is the preparation of glycine, has found the widest 

Dakin and Dudley, J. Biol. Chem., 14, 665; 16, 127 (1913) ; Dakin, Biodtem. J.. 
U, 313 (1916). 

Dakin and Dudlor, J. Bid. Chem., 18, 29 (1914). 
u* Orten and HiU, J. Am. Chem. Soe., 68, 2797 (1931). 
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application. A modification of this principle, occasionally employed, in- 
volves the application of the phthalimide reaction to esters of halo- 
genated acids. The product is hydrolyzed with alkali, and the resulting 
add heated with hydrochloric acid. 


RCHBr 


+ KN' 


O* 




RCH- 

COjEt XJCK COsEt 

R-CH— NH-COC6H4CO2H np, R-CHNH2 HCI 

I ^ I 

CO2H CO2H 


NaOH 


+ C6H4(C02H)2 


A general and extremely useful combination of the phthalimide and 
malonic ester synthesis has been developed by Sorensen.^^ 


C02Et 




C02Et 


CHBr + KN<^^^C6H4 
G02Et 


COiEt 

002St 

R-C— N<^^^«H4 
002Et 


C02Et 


RBr + NaC— N' 

I ''CO 
COjEt 




hydrolysis 
heat ^ 


RCHNHs 

I + CeHiCCOiiH)* + CO* + CjHsOH 
CO*H 

A variant of this procedure, in which the ethyl phthalimidomalonate 
is replaced by ethyl benzoylaminomalonate, has recently been pro- 
posed.“«- 

The Strecker synthesis from aldehydes (or ketones), ammonia, and 
hydrogen cyanide is of wide application in a variety of forms, all of which 
involve the intermediate formation of aminonitriles: (1) by the interao- 
tion of a cyanohydrin and ammonia; 

jjcN RCHOH NH, R-CHNH* na RCHNH* Ha 

RCHO > 1 > I > 1 

CN CN COiH 

Gabriel and Krosebers, Ber., SS, 426 (1889). 

Sdrensen, Z. physiol. Chem., 44 , 448 (1905). 

Redemann and Dunn, J. BM. Chem., 130, 341 (1939). 

>»' Painter. J. Am. Chem. Soe., 62, 232 (1940). 

»>• Strecker, Ann., 76 , 27 (1860) : Tiemann, Ber., 13, 381 (1880) ; 14 , 1966 (1881). 

“• Menge, J. Am. Chem. Soe., 66, 2197 (1934). 
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(2) by the action of hydrogen cyanide on an aldehyde-ammonia; 


nh* hcn RCH-CN 

RCHO 4 I > I > 

NHs NH» 


RCH-CO*H 

I 

NH*Ha 


or (3) by treating an aldehyde with ammonium cyanide, produced either 
by direct union of ammonia and hydrogen cyanide or by mixing concen- 
trated solutions of potassium cyanide and ammonium chloride. 

Modifications of the Strecker process, whereby hydantoins are formed 
directly by the use of ammonium carbonate, have recently been deyel- 
oped.“® Hydantoins, which break down to amino acids on hydrolysis 
under vigorous conditions, can, owing to their lack of dipolar propeii^es, 
often be more readily isolated than the corresponding amino acids. 

a-Amino acids have also been prepared by the reduction of a-oximino 
acids.“^ A general and more convenient method consists in the catalytic 
hydrogenation of o-keto acids in presence of ammonia,*^ a procedure of 

0 NHj 

II I 

R-O-COOH + NHs + 2H -> R-CH-COOH 


special value for the synthesis of amino acids with isotopic nitrogen.^^ 

Of interest in this connection is the formation of acetylalanine by the 
action of ammonia upon pyruvic acid. 

CHa-C0H-C02H CHr-C-C02H 

I II 

2CHr<;0-C02H + NH, NH -» N -♦ 

I I 

CH 3 -COH-CO 2 H CHj-COH-COaH 
CHj-CH-COsH CHs-CH-COjH 

I I 

N -t- COa NH 

II I 

CHr-COH CHa-CO 


The decomposition of add azides by alcohol, v^ereby urethanes are 
formed, 

RCONa + Eton -» RNHCOaEt + Na 

120 Bucherer and collaborators, J, prakt, Chem,, [2] 140, 201 ; [2] 141, 5 (1034) ; Slotta, 
Behnisch, and Szyszka, Ber., 67, 1520 (1934). 
wiQutknecht, Ber., 18, 1116 (1880). 

Knoop and Oesterlin, Z, physiol, Chem., 148, 204 (1025). 

Sohoenheimer and Hatner, J, Biol. Chem., 187, 301 (1030). 

224 de Jong, JRec. trav. ehim., 19, 250 (1900) ; Erlemnoyer. Aon.. 387, 205 (1904). 
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has been applied ^ to the preparation of a-amino acids from malonio 
esters; 

yCO^t ^0*Et ^ ^^/CO-NH-NH* ^no. 

R-CH<_ R-CH<^ > R-CH< ^ 


XiOaEt 


DOsK 


X! 0 *K 


/CONa Eton /NH-COaEt 

R-CH< > R-CH< 

N: 0 ,H X 30 *H 


HC31 yNHi 

> R-CH< 

XX)*H 


and from cyanoacetic esters.*** 


/COaEt /CON, /NHCOaEt /NH, 

R-CH< R-CH< R-CH^ R-CH< 

^CN XJN N^N X 30 ,H 


In syntheses of higher or more complex amino acids, particularly 
those containing a terminal aromatic group, a derivative of glycinp has 
in many instances been employed as starting material. Benzaldehyde 
may be condensed with hippuric acid in presence of acetic anhydride *** 
as in Perkin’s synthesis, yielding the azlactone of benzoyl-ot-amino- 
cinnamic acid, which on mild hydrolysis, followed by hydrogenation, 
yields benzoylph«iylalanine. 


CHr-NHCOCeH, 
C(B,CHO + I 

CO2H 


C 6 H,CH=C— N<. 

I 

CCMX 


C«H,CH=C-NHCOC 6 H, C#H,CHr-CH-NHCOCJR, 

I -* 1 

CO2H COJB 


This is readily split by acid or by alkaline hydrolysis into di-phenylala- 
nine and benzoic acid. The benzoylaminocinnamic acid, on being sub- 
jected to drastic hydrolysis, breaks down into phenylpyruvic acid, 

CeH,CH==C-NHCOCJB[6 

I -» C,H,CHr<;0-C0,H + CciHsCONH, 

CO,H 

the onme of which, on reduction, also yields phenylalanine.*** Acetyt 
glycine or even glycine itself may conveniently be employed.*®** *®** *** 

“‘CurtiuB, /. prakt. Chem., [2] US, 211 (1930). 

“• Darapsky, ibid., [2] 146, 260 (1936). 

*•* Erlenmeyor, Ann., 875, 1 (1893). 

*“ Erlenmeyer, Ann., 871, 137 (1892). 

*** Dakin, J. Biol. Chem., 88, 439 (1929). 
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Similar [^theses have been carried out with hydantoin.^*® 

CHr-NHv C6H6CH=C NHv 

CJSsCHO + I >CO I >CO -> 

CO — NH/ CO— NH/ 

ChHbCHsCH— NH v CoHbCHjCH-NHj 

I >CO -» I + 2NH, + CO» 

CO— NH/ CO 2 H 


The last two steps (reduction and hydrol 3 rsis) can conveniently be car- 
ried out in one operation by treating the condensation product with 
ammoTiiiiTn sulfide at 68°.‘“ Acetylthiohydantoin may advantageopsly 
be employed in place of hydantoin. ' 

In thk connection it may be noted that anisalhydantoin on alkaline 
hydrolysis yields, besides ammonia and p-methoxyphenylpyruvic acid, 
p-cresyl methyl ether and oxalic acid. 

RCH=C NHv RCHsr-CO 

>CO 

CO— NH/ CO 2 H 

RCH=C NHv CO 2 H 

I >CO RCHa + I + 2NH, + CO* 

CO— NH^ COill 


The last two are the principal products when concentrated alkalies are 
employed.*** 

Although the hydantoin method is most advantageously applicable 
to condensations with aromatic aldehydes, it can also be adapted to the 
synthesis of aliphatic amino acids. Heptaldehyde and hydantoin, when 
heated in acetic add with sodium acetate, furnish a 15 per cent yield of 
heptylidene hydantoin, which on reduction with stannous chloride and 
subsequent alkaline hydrolysis is converted into a-aminopelargonic 
acid.*** 

An interesting synthesis involves the condensation of aromatic alde- 
hydes with rhodanine.*** The product on treatment with alkali breaks 
down to an o-thioketo acid, which with hydroxylamine yields the corre- 
sponding oximino acid; this is then reduced. 


CH* Sv C«H5CH==C Sv CbHbCHj-CS 

C*HbCHO-|-| >CS-» I >CS-^ 1 

CO— NH/ CO— NH/ CO*H 


C6H*CHjC=NOH 


CO 2 H 


CbHbCHjCH-NH* 


CO*H 


Wheeler and Hoffman, Am. Chem. J., 45 , 368 (1911). 

Boyd and Robson, Bioehem. J., M, 542, 546 (1935). 
u* Henze, Whitney, and Eppright, J. Am, Chem. Soe., M, 565 (1940). 
lu Johnson, tbid., 81, 2485 (1939). 

iM Or&nacher, Hda. Chim. Acta, 5 , 610 (1922) ; 6. 458 (1923). 
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All the above processes lead to inactive amino acids. Resolution has 
generally been effected by acylating the amino group and fractionally 
crystallizing the salts of the resulting acid with an optically active base 
such as an alkaloid. An alternative method recently developed con- 
sists in introducing,the i-menthoxyacetyl group and separating the re- 
sulting mixture of diastereoisomeric acids by crystallization. The ^'un- 
natural” (d) varieties of amino acids can be prepared by subjecting the 
racemic forms to the action of actively fermenting sugar solutions,^*® 
whereby amino acids having the I configuration are converted, by reduc- 
tive deamination and decarboxylation, into alcohols, 

R-CH(NH2)-C02H R-CH 2 OH + NHa + CO 2 

the d-amino acids remaining intact. 

An ingenious application of enz 3 rmatic reactions has been made 
to the resolution of racemic acylamino acids, which on treatment with 
aniline in the presence of the proteolytic enzyme papain yield the anilides 
of only the "natural” optical isomers. With, for example, the benzoyl 
and carbobenzoxy derivatives, only the I variety is converted into the 
anilide: 

R R 

1 1 

H-C-NHCOCeH* H-C-NHCOC.BU 

I 1 

CO*H CONHCeHj 

SOME INDIVIDUAL AMINO ACIDS AICD DEKIVATIVES 

The subsequent pages contain discussion of the properties of all 
natural amino acids of protein origin except alanine, valine, leucine, 
isolcucine, norleucine, and phenylalanine. All these compoimds are of 
great interest from the biochemical standpoint, but as they conform 
closely to the general type of monoamino monocarboxylic acid, reviewed 
above and treated in more detail in the case of glycine, their intimate 
discussion has not been undertaken. 

Glycine. In addition to the general synthetic methods, outlined 
above, some special reactions have led to the formation of glycine. 
Cyanogen is simultaneously reduced and hydrolyzed by hot hydriodic 
acid.*** 

CN CHjNHa 

I +5HI + 2H,0-^ I +NHd: + 2I» 

CN CO»H 

M> Holmes and Adams, J. Am. Chem. Soe., 56, 2093 (1934). 

1*6 Ehrlich, Biaekem. Z., 1, 8 (1906) ; 8, 438 (1908). 

**’' Bergmaim and Fraenkd-Conrat, J. Biol. Chem., 119, 707 (1937). 

*** Fraton, Irving, and Bergmann, ibid., 183, 703 (1940). 

*** Emmeding, Bar., 6, 1351 (1873). 
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Hydrogen cyanide on long standing in the presence of moisture is con- 
verted into a crystalline polymer CaHaNa which on boiling with acids or 
alkalies breaks down into glycine.^^ 

CN-CHNHj CH2NH2 

3 HCN I + 4H2O -^1 + CO2 + 2 NH 8 

CN CO2H 

Glycine has been produced by treating malonic acid in concentrated sul- 
furic acid with hydrazoic acid.^" 

CO2H CONa NCO NH2 

I + HNa — > I — > 1 —►I i 

CHaCOaH CHjCOaH CHaCOaH CH2CO2H 

The detection and estimation of glycine in a protein hydrolyimte 
have generally been effected by taking advantage of the sparing ^ 1 - 
ubility of its ethyl ester hydrochloride^^ or of its picrate.^" The 
selective precipitation of a complex potassium trioxalatochromiate, 
[Cr(C204)8]6Ki3(NH2CH2C02H)5-2H20, has been suggested as a 
method for the quantitative isolation of glycine.^^^ None of the other 
natural amino acids is precipitated under the conditions adopted. The 
analogous reagents in which the chromium is replaced by iron or cobalt 
are also selective precipitants for glycine. An almost equally specific 
precipitant is nitranilic acid ( 2 , 5 -dinitro- 3 , 6 -dihydroxybenzoquinone), 
the glycine salt of which, C602(0H)2(N02)2 •2CH2(NH2)C02H, is spar- 
ingly soluble ( 0.8 per cent) in water and almost insoluble in alcohol. 
No other amino acid, except histidine, yields a salt of comparable solu- 
bility. 

N-Benzoylglycine (hippuric acid) is excreted in the urine of mammals 
which receive benzoic acid by mouth. The benzoylation takes place in 
the kidney and, in some species, also in the liver. 

On treatment with cyanamide, glycine is converted into guanidino- 
acetic acid, or glycocyamine, 

NHa-CN + NH2-CH2-CO2H NH 2 ~C(=NH)-NH-CHa-C 02 H 

which is also formed by heating glycine with guanidine, or, more con- 
veniently, S-methylisothiourea.^^ 

NHa-O(=NH)-^CH,+NHr< 3 Hr<X)JS-^NHa-C(=NH)--NH-OHH:J 0 aH+CH,SH 

M» Lange, Ber., 6, 99 (1873) ; ’n^ppermaim, Ber., 7, 767 (1874). 

Adamson, J. Chem. Soe., 1564 (1939). 

Fisober and Sldta, Z. tAynol. Chem., SS, 177 (1901) ; Fischer, ibid., 85, 227 (1902). 

Levene, J. BM. Chem., 1, 413 (1906) ; Levene and Van Slyke, ibid., U, 285 (1912). 

MSfiergmann and Fox, t&id., 109, 317 (1935). 

><* Town, Bioehem. J., 30, 1833 (1036). 

<«• Strin and MiUer. J. Biol. Chem., 110, 509 (1038). 

Bonsook and Dubnoff, ibid., 188 , 307 (1939). 

Nenold and Sieber, J. pnM. Chem., (2] 17, 477 (1878); Wheeler and Meniam, Am, 
Chem. J., 89 , 478 (1003). 
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On boiling mth dilute hydrochloric add, glyco(; 3 rainine unde]^;oes inter- 
nal condensation to glycocyamidine.*^* 

NH-CHr<!OjH NH-CHr€0 

I "^11 

C(=NH)-NHj C(=NH)-NH 

This compound is also formed by the action of guanidine upon ^ydne 

NHrCJHr-COjEt + NHr<;(-=NH)-NH» 
NHs-CHj-CO-NH-C(=NH)-NH* 

NH-CHr-CO 

I 1 

C(— NH)— NH 

Sarcosine, the N-methyl derivative of ^ycine, has not been found 
among the hydrolytic products of protdns. It has been synthesized from 
ethyl chloroacetate and methylamine, by the action of formaldehyde and 
tin upon glycine in boiling acid,” and from benzenesulfonylglycine and 
methyl sulfate. In its general properties it closely resembles glycine. 
On heating above 200° it breaks down, partly into carbon dioxide and 
dimethylamine and partly into water and the diketopiperazine, sarcosine 
anhydride.^*® 

CH,N-CHy-CO 

I I 

OC-CHr-NCH, 

It is oxidized more rapidly than ^ycine by silver oxide (qf. p. 1101), yield- 
ing carbon dioxide, formaldehyde, and methylamine. 

Creatine, an important constituent of muscle extract and of certain 
biological fluids, is a-methylguanidinoacetic acid; it has been synthesized 
from sarcosine and cyanamide, 

CHjNHCH, CN CHr-N(C!H,)-C— NH 

I + I I 1 

COjtH NH, CO,H NH, 

or (together with creatinine) from sarcosine and guanidine carbon- 
ate.^ Its origin in the inaTnTnB.lifl.Ti organism has been completely 
traced: the N-CHaCOjH grouping is derived from glydne,®** the ami- 

JaffA Z. phyaM. Chem., 48 , 430 (1900). 

Traube and Aaeher, Ber., 44 , 2077 (1913). 

*“ Cooker and Upworth, J. Chem. Soe,, 1894 (1931). 

*“ MyUua. Ber., 17, 280 (1884). 

lu VoUuurd, JahreO)., 085 (1808); Paulmann, Arek. Pharm., SSI, 001 (1894). 

Bloch and Schoenhnmer, J. BioL Chan.. ISS, 033 (1940). 
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dine (-C(=NH)~NH 2 ) group comes from arginine,^®®* and the methyl 
from methionine.'®^* '®® 

Guanidine and its alkyl derivatives are in general very strong bases,'®® 
and creatine accordingly possesses dipolar properties which are even more 
pronounced than those of the amino acids.'®® From determinations of its 
dissociation constant in acid solution'®' and its solubility in alkaline 
solutions,'®® it has been estimated that creatine is a thousandfold stronger 
as a base than as an acid. Its solubility in cold water is 1.5 per cent; in 
solution it is neutral to litmus, and undoubtedly consists mainly of di- 
polar ions. , 


In boiling alkaline solution it breaks down into sarcosine, caiponic 
acid, and ammonia. The decomposition '®* proceeds along two difi^rent 

routes: \ 

CHr-NHCH, CONHsi 
1 +1 

CH*~N(CH,)-C=NH y^COaH NH, \ CH^NHCH, 

I I +CO,-f-2NH, 

CO 2 H NH, \CH-N(CH3)-C0 /*C02H 

I I +NH, 

CO 2 H NH 2 


In acid solution, on the other hand, ring closure occurs, as in the hydan- 
toic acids (p. 1095), with formation of creatinine. 


CHjrN(CH8)~C=-NH CHr-N(CH8)-C=*NH 

I I I I +H,0 

COjH NH, CO ^NH 

Creatine Creatinine 


On treatment with alcoholic hydrogen chloride, creatine yields ester 
hydrochlorides.*** The free esters, which should be extremely strong 
bases, appear to be incapable of independent existence, for when the hy- 
drochloric add is removed, alcohol is simultaneously split off, with forma- 
tion of creatinine. This loss of alcohol also takes place merely on heating 
the hydrochloride alone or with water — so readily, indeed, that creatine 
ester hydrochlorides have been regarded as salts of creatinine in which 
alcohols are bound in some imdetermined manner. However, titration 


Davenport, Fischer, and Wilhelmi, Biochem. 32 , 262 (1938). 

Bloch and Schoenheimer, J. Biol, Chem,, 134 , 786 (1940). 

Borsook and Dubnofif, ibid., 132 , 669 (1940). 

Vigneaud, Chandler, Cohn, and Brown, ibid., 134 , 787 (1940). 

Davis and Elderfield, J. Am. Chem. Soc., 54 , 1499 (1932). 

Cannan and Shore, Biochem, J., 22 , 920 (1928). 

Hahn and Barkan, Z, Biol., 72 , 26 (1920) ; Eadie and Hunter, J. Biol. Chem., 67 . 
237 (1926). 

Hahn and Fasold, Z. Biol., 82 , 473 (1926). 

^"Gaebler, J. Biol. Chem., 69, 613 (1926). 

iM Dox and Yoder, ibid., 64 , 671 (1922) ; Kapfhammer, Biochem. Z., 166 , 182 (1926) 
Failey and Brand, J. Biol. Chem., 102 , 767 (1933). 
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curves of creatine ester salts not only clearly demonstrate the difference 
of the dissociation characteristics of the ester from those of creatinine 
but also indicate an irreversible convention of ester to creatinine during 
the progress of the titration from pH 3.5 to pH 5.5. The readiness with 
which this ring closure takes place is not without parallel: on treating 
benzoylpseudoethylthiohydantoic ester with ammonia, the resulting 
ethyl ester of benzoylglycocyamine spontaneously loses alcohol, at the 
moment of formation, to yield benzoylglycocyamidine. 

CHirNH-O=NC0CJB[5 CH!rNH-C=NCOC(^6 

I I +NH,^ I I 

COsEt SEt COiEt NHs 

CHr-NH-O=NC0C»H* 


Analogous cases are cited on pp. 1117, 1145, and 1147. 

On treatment with acetic anhydride, creatine is converted into %sub- 
stance which is split by ammonia into acetylsarcosine amide and acetyl- 
urea; the reaction is explained as involving the rearrangement of a 
quaternary ammonium acetate of acetyl creatinine: 

CH*CO OCOCHs 

CHj— NCH, CHr-NCH, 

I X3=nh I >:=NH 

CO*H NH* CO— NH 

CHr-NCHr-COCH, 

CO-NHCONHCOCH* 

Of great biochemical interest is creatine-phosphoiic acid, or phos- 
phocreatine, 

CHr-N(CHs)-C=«NH 

I i 

CO»H NH-PO(OH), 

an unstable constituent of mammalian muscle tissue.'" The hydrolytic 
breakdown of this substance into creatine and phosphoric acid, which 
occurs under the influence of enzymes present in muscle, is exothermic 

Johnson and Nicolet, J. Am. Chem. Soe., 37, 2416 (1015). 

Ing, J. Chem. Soe., 2198 (1932). 

“^Eggleton and Eggleton, Bioehem. J., 21 , 190 (1927); Meyerhof and Lo hman n, 
Bioehem. Z., 196 , 22, 40 (1028); Fiske and Subbaiow, J. Biol. Chem., 81 , 620 (1920); 
Pamas and Ostem, Bioehem. Z., 279 , 04 (1035). 


CHr-NCHHDOCHs 

1 

CO-NH-C==NH 

I 

OCOCH, 
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and is associated with the development of muscular energy; reg^^tion 
occurs during repose. 

Creatinine is more soluble in water and, being more electrically 
imbalanced, behaves as a stronger base than creatine.^' *** In aqueous 
solution, creatine and creatinine enter into equilibrium, the stationary 
state bdng established very slowly in the cold but more rapidly at higher 
temperatures. The reaction rate also depends on the pH level, reaching a 
majoTm im at pH 4.^ The composition of the equilibrium mixture de- 
pends upon the pH of the solution, the ratio of creatinine to creatine ris- 
ing rapidly from 2 at pH 4 to 20 at pH 2. At pH 6 to 7, the components 
are present in approximately equimolar ratio.^** In more strongly euka- 
line solution, hydrolysis to ammonia, methylhydantoin, urea, and W- 
cosine occurs."® \ 

Creatinine forms a characteristic picrate which is sparingly soluble 
in water. On the addition of alkali, this yellow picrate develops an 
orange-red color. Creatine also forms a picrate which closely resembles 
that of creatinine but yields merely a yellow solution on treatment with 
alkali. These observations, recorded by Jaff4, form the basis of an 
analytical method for the estimation of creatinine. The development 
of the red color in this test is not specific for creatinine, and has been 
observed with glycocyamidine, hydantoins, barbituric acid, and diketo- 
piperazines. On the other hand, no color is formed by derivatives of 
creatinine in which both of the imino hydrogen atoms are replaced by 
methylol groups, or the methylene hydrogen atoms by benzylidene. The 
red color was long supposed to be due to picramic acid, which is formed 
from picric acid by a variety of reducing substances; it now appears to 
be caused by the formation of a salt of a red tautomer of creatinine pic- 
rate.”' Picric add seems to be essential for the Jaff6 reaction, which 
does not occur with 2,4- and 2,6-dinitrophenols or even with 2,4,6- 
trinitro-7»-cresol. 

Strains of bacteria have been discovered which rapidly bring about 
the oxidative breakdown of creatine and creatinine, with formation of 
urea. They act similarly, but more slowly, with glycocyamidine and 
other substances which contain the grouping ==N — C — N=.”* 

McNally, J. Am. Chem. Soe., 48, 1003 (1026). 
u* Edgar and Shiver, ibid., 47, 1179 (1926). 

JaffA Z. phyiiol. Chem., 10, 391 (1886) ; Folin, ibid., 41 , 223 (1904) ; J. Biol. Chem., 
17, 463, 460, 475 (1014) ; Folin and Doiay, ibid., 88, 340 (1017). 

‘"(ireenwald and Gross, tbid., 09, 601 (1024). Greenwald, J. Am. Chem. Soc., 47, 
1443 (1025) ; J. Biol. Chem., 77, 630; 80, 103 (1928) ; 88, 333 (1930) ; Anslow and King, 
J. Chem. Soe., 1210 (1920). 

m Qubos and MiUer, J. Biol. Chem., 181, 429 (1037). 

Krebs and Eggleston, Etuumologia, 7, 310 (1030). 
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Dimethylglydne can be prepared by the interaction of chloroaeetic 
acid and dimethylamine; by condensing formaldehyde cyanohydrin with 
dimethylamine and then hydrolyzing; also, by treating glydne with 
formaldehyde in the presence of tin and hydrochloric acid ” or of formic 
acidJ* The methyl ester, when heated, rearranges reversibly into be- 
taine, . 

(CH,),N-CHi-C02CH, ^ (CH,)iJJ+-CH*-COj- 

an example of the alkylating action of carboxylic esters.'” 

Betaine salts such as the hydrochloride, which can be titrated as mono- 
carboxylic adds, are formed by the addition of chloroaeetic add to tri- 
methylamine or by treating glycine or sarcosine with methyl iodide or 
sulfate. At 260-270° betaine hydrochloride breaks down into tetra- 
methylammonium chloride and carbon dioxide. 

Esters of betaine are of course capable of existing only in the form 
of salts; these are formed directly from trimethylamine and chloroaeetic 
esters, from methyl iodide and an ester of dimethylglycine, or as a by- 
product in the methylation of glycine.”* On treatment with ammonia 
they are converted into salts of betaine-amide. The corresponding hy- 
drazide,'” similarly produced from hydrazine, has recently found appli- 
cation as a reagent for preparing water-soluble derivatives of insoluble 
ketones. 

Aspartic and Glutamic Acids. The chemical character of the mono- 
amino dicarboxylic acids resembles in the main that of the monocar- 
boxylic acids; such differences as exist are ascribable to the presence of 
the second carboxyl group. 

Both acids are less soluble in water than the corresponding mono- 
carboxylic acids; the pH of their aqueous solutions is low, but higher 
than the isoelectric point (c/. p. 1088). They are extracted by butyl 
alcohol from their solutions at pH 3.” Both form sparin^y soluble salts 
with heavy metals; the salts of barium and calcium are insoluble in 
alcohol.™ l(-f-)-Aspartic acid and l(-|-)-glutamic add are both dextroro- 
tatory in strongly acid solution and levorotatory at the isoelectric point; 
in alkaline solution the aspartic acid rotates to the left and the glutamic 
add to the right. 

dl-Aspartic add is formed by direct addition of ammonia to maleic 
Eadiweaer, Ann., >79, 30 (1894). 

™ WiUst&tter and collaborators, Ber., SS, 584, 2767 (1902) ; Hammett and Pfluger 
J. Am. Chem. Soe., 65 , 4070 (1033). 

Novak, Ber., 40 , 834 (1012). 

™ Girard and Sandiilesoo, HOi. Chim. AOa, 19 , 1005 (1036). 

»• Foreman, BioOmn. J., 8, 461, 481 (1014). 
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or fumaric add.^” Ethyl fumarate reacts with ammonia to form diethyl 
aspartate and diketopiperazine diacetamide, 

NH 2 CC>-CHf-CH-CO-NH 

I I 

NH-CO-CH-CH2-CONH, 

which on alkaline hydrolysis is converted into di-aspartic acid.“^ Syn- 
theses of glutamic acid have followed more conventional lines. 

An important difference between aspartic and glutamic acids is rep- 
resented by the readiness with which the latter passes over into pyrroli- 
donecarboxylic acid in hot aqueous solution.^’* j 

CHjr-CHr-CH-COaH CHa-CHjr-CH-COaH \ 

I I I I + H2O 

CO2H NHi CO NH 

This reaction, which is reversed by the action of hot concentrated hydro- 
chloric acid, finds no analogy in the case of aspartic acid, and is referable 
to the spatial proximity, in glutamic acid, of the groups involved. 

Another difference, probably due to a similar cause, resides in the 
contrasting stabilities of the naturally occurring monoamides of the 
two acids, both of which are widely distributed in growing vegetation 
and have been isolated from enzymatic digests of vegetable proteins.^®® 
Asparagine, NH2C0CH2CH(NH2)C02H, is relatively stable in aqueous 
solution over a wide range of hydrogen-ion concentration. Glutamine, 
NH 2 C 0 CH 2 CH 2 CH(NH 2 )C 02 H, rapidly undergoes hydrolysis to am- 
monium pyrrolidonecarboxylate in neutral solution at 100°, under 
which conditions asparagine is hardly affected. Introduction of an ami- 
noacyl group into glutamine stabilizes the amide linkage, possibly by 
reducing the acidic dissociation of the neighboring carboxyl group. 

Z(+)-Glutamine, which is dextrorotatory in acid but levorotatory in 
water, appears to be intimately involved in the detoxification of ammonia 
and the assimilation of nitrogen by plants and animals. Vegetable or- 
ganisms grown under conditions in which ammonia is the sole source of 
nitrogen accumulate relatively large proportions of glutamine,^® which 
is also synthesized in kidney and other tissues from '^-glutamic acid 
and ammonia.^®® 

Engel. Bull aoc. Mm., [2] 48 . 97 (1887) ; 50 , 149 (1888). 

Koerner and Menozzi, Oazz. Mm. ital., 17, 226 (1887). 

Fischer and Koenigs. Ber., 37, 4686 (1904). 

*** Dunn and Fox, J. Biol. Chem., 101, 493 (1933). 

^ Damodaran and collaborators, Biochem. J., 86, 236, 1704 (1932). 

Vickery and coUaborators. ibid., 89 , 2710 (1936). 

Greenhill and Chibnall, ibid., 88, 1422 (1934) ; Vickery and collaborators, ScUnce, 
80 , 469 (1934) ; J. Biol. Chem., 113, 167 (1936) ; Plant Physiol., 11, 413 (1936). 

^ Krebs, Biochem. J., 89 , 1961 (1936). 
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The synthetic conversion of Z(+)-glutamic acid into the natural 
variety of glutamine exemplifies some of the elegant preparative methods 
developed by Bergmann.^®^ On treatment with benzyl chlorocarbonate, 
glutamic acid yields the carbobenzoxy derivative, which with acetic 
anhydride is transformed into an anhydride. 

CeHfiCHaOCONH-CH-CHa-CHa CeHsCHaOCONH-CH-CHjrCH* 

11“^ II 

COOH COOH CO— 0 — CO 

This on treatment with ammonia yields a carbobenzoxy derivative of 
isoglutamine, 

CH2*-CH2-CH-NHC02CH2C6Hb 

I I 

CO2H CONH2 

isomeric with that from natural glutamine. A similar reaction occurs 
with benzyl alcohol, the a-monobenzyl ester being the sole product, 'fhis 
is converted, through the chloride, into the amide; when this compound 
is catalytically hydrogenated, the benzyl groups are split off as toluene 
and the resulting unstable carbamic acid grouping loses carbon dioxide, 
leaving glutamine. 

CelljCHaOCONH-CH-CHa-CH* CelleCHaOCONH-CH — CH 2 — CH 2 

<!x)jC,H, djOsH”" <!x)2C7n, ioNH,”" 

C,H,CH, + CO, NH.^CH-CHH:!Hr<30NH, 

+ 1 + CH,C.H. 

CO,H 

Isoglutamine is formed in the same way from its carbobenzoxy derivar 
tive. Aspartic acid may be converted into asparagine and isoasparagine 
by an analogous series of reactions. 

The 7-monoethyl ester of glutamic acid, prepared by the action of 
ethyl iodide upon silver glutamate or by direct esterification of glutamic 
acid, readily undergoes auto-condensation to pyrrolidonecarboxylic acid. 

CH2-CH2-CH-CO2H CHr*CH 2 -CH-€ 02 H 

I I - 1 I 

CO*Et NHs CO NH 

When its carbobenzoxy derivative is successively treated with ammonia 
and hydrogenated, glutamine results.^®* 

is^Bergmann and collaborators, Z. physiol, Chem., SZl, 51 (1033); Ber,, 65, 1192 
(1932); 66, 1288 (1933). 

Nienburg, Ber., 68, 2232 (1936). 
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CHr<3Hj-CH-CO»H CH*-CHrCH-COiH 

II -^11 

COjEt NH-COjCHsCoHs CONHj NH-COjCHgCeH* 

CHj-CHr-CH-CO*H 

I I 

CONH2 NH* 

On treatment with hypobromite, followed by hydrolysis, {-asparagine 
is converted into an optically active a,j 8 -diaininopropionic acid identical 
with that prepared by the action of ammonia upon the | 3 -chloroalanine 
derived from natural serine. 


CONH, 

I 

CHj 


CHr-NHv 

H-i— nh/“ 


H— C— NHs 

I 

COjH 

CH 2 OH 

I 

H — C — ^NH2 

I 

CO*H 


CO2H \ 
CH 2 CI 

I 

H— C— NH* 

I 

CO*H 


CH*NH, 

I 

H— C— NH* 

I 

CO*H 


This series of reactions establishes the configurational identity of natural 
aspartic acid and serine. By a similar process, glutamine yields an 
a,7-diaininobutyric acid which with its dibenzoyl esters displays optical 
relations analogous to those shown by the natural a,S- and a, e-diamino 
acids ornithine and lysine.^^ This {-a,7-diaminobutyric acid is alsc 
formed by the action of hydrazoic acid upon {-glutamic add in con- 
centrated sulfuric add (qf. p. 1106 ). 

Proline. The widely distributed {(— )-prolme is distinguished from 
all other amino acids, except hydrox3T)roline, by its inability to yield 
nitrogen on treatment with nitrous add and by its ready solubility in 
alcohol. For isolation, it may be predpitated (after the removal of 
histidine and arglaine) as tiie rhodanilate by means of ammonium 
rhodanilate, [Cr(SCN)4 • (CaH8NH2)3]2(NH4)2 •3H2O. Reinecke salt,‘« 
[Cr(SCN)4*(NH3)2]NH4-H20, forms a similar predpitate with both 
proline and hydroxyproline.“* 

>*• Earrer and collaborators. Heir. Chim. Acta, 6, 411, 957 (1923) ; 9, 301 (1926). 
iMBeivmann. J. Biol. Chem., UO. 471 (1936). 

Dakin, “Organic Syntheses,” John Wiley A Sons, New York (1935), Vol. 16, p. 74. 

Kapfhanuner and ooUaborstors, Z. phj/aiol, Chem., 170, 294 (1927) ; ITS, 246 (1928) 
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Proline has been synthesized by several methods. The most obvious, 
the hydrogenation of a-pyrrolecarboxylic acid, proceeds with difficulty, 
but can be accomplished in acid alcoholic solution by means of platinum 
oxide activated by ferric chloride.*” 

CH CH CHs CHj 

II II I I 

CH-NH-C-COsH CHir-NH-CH-COiH 


A more convenient process involves the hydrogenation, under high pres- 
sure in the presence of Raney nickel, of the 1,2-dicarbethoxypyrrole 
obtained by the action of ethylmagnesium bromide and ethyl chloro- 
carbonate upon pyrrole.^®^ 


CH CH CH- 

> 


acojCjH, 
> 


-CH 


CH CH 
^NH'^ 


CH CH 

Xn/ 

I 

MgBr 


CH CCOjCaH*.- 

\n/ 

I 

COjCsHs 


CH, CH, CH, CH, 

II II 

CH, CHCOsCiiHb ^ CH CHCO,H 

\n/ \nh/^ 

CO,C,H, 


Pyrrolidonecarboxylic ester yields proline on reduction with sodium 
and alcohol.*” 

An interesting synthesis starts from a-piperidone.*” 


CHr-CHr-CH, CHrOHy-CCl, h, 0 CHr<3Hr<3Cl, 

I I > I I > I 1 -> 

CHr— NH— CO CHr^N=CCl CHr-NH-CO 

CHr<:H,-CCl, N.H, CHrCH,v 
I I I >CH-CO,H 

CHr-NH, CO,H CHy-NH^ 


Like other amino acids, proline yields an ester hydrochloride on boil- 
ing with alcoholic hydrogen chloride. The free esters of proline are 

Putokhin, J. Russ. Phys.^hem. Soe., 61, 2209 (1930) [C. A., U, 3996 (1931)]. 
Signaigo and Adkins, J. Am. Chem. Boo., 58, 1122 (1936). 

“* Fischer and Boehner, Ber., M, 1332 (1911). 

»” Heymons, Ber., 66, 846 (1983). 
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unstable and spontaneously lose the elements of alcohol to yield the 
tricyclic diketopiperazine, proline anhydride.**' 

CH*-CH*-N— CO— CH-CHr-CH* 

I I I I 

CH* CH-CO-N CH» 

On methylation, proline is converted into its betaine, stachydrine, 
the picrate, mercurichloiide, and aurichloride of which are sparingly 
soluble and afford a form in which proline can be quantitatively esti- 
mated.**® Stachydrine, when heated under reduced pressure a^ 235®, 
passes over into the isomeric methyl ester of hygric acid.*** 

CHr-CHjv + CHii-CHsv 

I >N(CH»)2?=i I >NCH, 

CH*-CH / CHir-CH / 

I I 

CO 2 - CO 2 CH, 


Serine. Z(+)-Serine, which is dextrorotatory in acid solution but 
levorotatory in water, occurs in proteins of both animal and vegetable 
origin, and appears to be a constituent, together with ethanolamine, of 
cephalin.^ It has been S 3 aithesized by applying the Strecker cyanhydrin 
procedure to glycollaldehyde and, more conveniently, to ethoxyacetalde- 
hyde; in the latter sjmthesis the final hydrolysis is effected with hydro- 
bromic acid to remove the ethyl group. Serine has also been synthesized 
by the condensation of ethyl hippurate with ethyl formate, with subse- 
quent reduction and hydrolysis,^* 


NH-COC.H* 

HC02Et + ( > ( 

CH2-C02Et HC0-CH-C02Et 

NH-COCeH* 

I 

H0CHirCH-C02Et 


NaHg 


NH* 

HOCH 2 -CH-CO 2 H 


and from methyl acrylate by the following series of reactions: 

'*' Eapfliammer and Matthes, Z. pk]/»iol. Chem., >23, 43 (1934). 

*** England, Ber., 43, 2962 (1909) ; Z. physiol. Chem., 130, 130 (1922). 

*** SohulM and Trin-, Und.. 67, 69 (1910) ; Trier, ibid., 67, 324 (1910). 

***Folch and Schneider, J. BM. Chem., 137, 61 (1941). 

*** Dunn, Redemann, and Smith, ibid., 104, 611 (1934). 

*** Erlenmeyer and Stoop, Ann., 337, 230 (1904). 

*** Sohilts and Carter, J. Biol. Chem., 116, 793 (1936) ; Carter and West, “Organic 
Syntheses,” J(dm WUey A Sons, New York (1040), Vol. 20, p. 81. 
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Hg(OCOCHt)t + CHiOH 


CHrfICH, 

CHHgOCOCH* 


CHiOCH, 

I 

CHHgBr 


CO2CH, 

CHsOCHs 


NaOH; HjS 04 


COsCHs COsCH, 

CHjOCH, C3H2OCH3 CH2OH 

NH» J HBr:HjO;NHj 

CHBr 4 CHNH2 > CHNH* 


COiCHg COjH CO*H CO2H 

A variant of the second synthesis involves the preparation of ethyl a- 
bromo-j3-ethoxypropionate by the action of sodium ethoxide on ethyl 
a,j8-dibromopropionate.*“ 

The resolution of racemic serine has been effected by fractional crys- 
tallization of alkaloid salts of its p-nitrobenzoyl derivative.^® The con- 
figurational relationship of the natural Z(-f-) variety of serine to natural 
l(-f-) alanine has been established by direct conversion. 


NHj NH2HCI pp,. 

1 I > 

HOCH2-CH-CO2H H 0 CH 2 -CH-C 02 CH, 


NH*.Ha 

1 > 

CICH2-CH-CO2CH, 


CH»-CH-CO,H 

i-Serine has been produced from f-asparagine by the following series 
of reactions: 

CO,U CX),H COjH 

C7H,0C0-NH-(!3-H C7H7OCO— N— ([j-H NHr-i-H -» 

in, I (SjHjNH, 

I NH-CH, 

CONH, 


CO,H 

C7H70C0-NH-(!3-H ^ 

C7H70C0-NH-<!}H, C7H, 

CO,CH, 

C,H.CONH-<l 5 -H 

C7H70C0-NH-<!3H, 


< 1 ^ 

\NH-G-E 


C7H7OCONH-CH, 


CO,CH, 

> nhh!)-h 
C7H,OCONH-iH, 


CO,CH, CX),H 

CaisCX)NH-i-H NHr<!j-H 

injNH, in, OH 


“* Wood and du Vigneaud, J. BioL Chem., 184, 413 (1940). 
*®*Fi8cher and Jacobs, Bcr., 39, 2942 (1906). 

Fischer and Raske, Ber., 40, 3717 (1907) ; 41, 893 (1908). 
*07 Schneider, Ann., 629, 1 (1937). 
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On boiling with sulfuric acid, serine slowly breaks down into ammonia 
and pyruvic acid.^’ ^ 

HOCHjrCH(NH2)-C02H CHjf===C(NH2)-C02H 

CHr-C(=NH)-C02H CHff-C0-C02H + NH, 


This change occurs more readily in alkaline solution but is complicated 
by side reactions which lead to the production of oxalic acid, lactic acid, 
alanine and glycine. The formation of glycine has been attributed to 
a reaction analogous to reversal of aldolization, which takes plac^ more 
smoothly with phenylserine.^ 

C6H5-CH0H-CH(NH2)-C02H CsHbCHO + CH2(NH2)-C02: 


The conversion of serine to pyruvic acid has also been effect^ by 
reactions in which intermediate products have been isolated; either 
by dehydration and subsequent acid hydrolysis of an azlactone; 


HOCHr-CH-NHa 

iojH 


HOCHr-CH-NH-CO-OHs 

he 


502H 

ch2===c~n=<m::jh, 

Ao—i 


HOCH*-CH-N=C-CH» 

<!x) i 


CHiCO 

<!x)^ 


+ NH, + CH,COja 


or by alkaline hydrolysis of the phenylhydantoin. 

On treatment with nitrous add serine yields, besides glyceric acid, 
small quantities of acetaldehyde.** It is quantitatively oxidized to form- 
aldehyde by periodic add by way of glycollaldehyde.** 

A phosphorus-containing amino acid having the composition of 
serine-phosphoric acid, 

CH(NH2)-COjH 

I 

CHjOPOfOH)* 

has been isolated from the products of acid hydrolysis of vitellic acid, 
a hydrolysis product of the proteins of vitellin (from egg yolk) and 
casein.®* The compound, which is slowly hydrolyzed in acid, rapidly in 

Erlenmeyer, Ber,, 35, 3769 (1902). 

Bettaieche, Z. physiol Chem., 150, 177 (1925). 

»o Daft and CoghiU, J. Biol. Chom., 90, 341 (1931). 

Nieolet, Sdmee, 74, 250 (1931). 

Bergmann and Delis, Ann., 458, 76 (1927). 

Nieolet and Shinn, J. Am. Cham. Soc., 61, 1615 (1939). 

»«Leven6 and collaborators, /. Biol Cham., 98, 109 (1932); 108, 537 (1933); 105, 
647; 106,595(1934). 

^ Lipmann, Bioehem, JZ., 868, 3, 9 (1933). 
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alkaline solution, has been synthesized by the action of phosphorus pen- 
toxide in phosphoric acid upon d!-serine, followed by resolution of the 
brucine salts. 

Threonine. A homolog of serine, a-amino-/3-hydroxybutyric acid, is 
a constituent amino acid of many protdns, and is indispensable for 
growth in the diet of the rat.*“ On reduction with hydriodic acid and 
phosphorus it yields the Z(H- )-a-ammo-n-butyric acid identical with that 
obtained from biological material. On oxidation successively with chlo- 
ramine T and with bromine it is converted into d(— )-lactic acid.“^ 


CO^ 

I 

NHr-C— H 

I 

CH» 

i 

CHj 


HI + P 


CO^ 

I 

NHj— C— H 

I 

H— C—OH 

I 

CHs 


Chi. T 


CHO 

I 

» H— C-OH 


Br2 


CH, 


CO*H 

I 

H— C-OH 

I 

CH, 


The constitution thereby established is supported by the behavior with 
nitrous acid, which with a-amino acids brings about the replacement 
of amino by hydroxyl groups without Walden inversion: the threo- 
dihydroxybutyric acid corresponding to d(— )-throose is produced. It 
is proposed that the natural a-amino-/3-hydroxybutyric acid, although 
its configuration at the a carbon atom is that of other natural amino 
acids, be termed d(— )-threonine so as to show the stereochemical rela- 
tionship of the grouping at the position to tirnt of d(— )-threo8e. 

Natural threonine has been ssmthesized from crotonic acid by a 
process similar to that employed for serine (p. 1121). 

CHr-CH=CH-CO,H CHirCH CH-CO,H 

I I 

OCH, HgBr 

CHrCH CH-COsH CHs-CH CH-CO,H 

II II 

OCH, Br OCH, NH, 


The resulting dZ-O-methylthreonine and dZ-O-methylallothreonine were 
separated after acylation, and each racemic product resolved by means 
of brucine. The four stereoisomers so secured were demethylated to the 
corresponding threonines by boiling with hydrobromic acid. 

In a second synthesis,^ acetaldehyde and hippuric add were con- 
densed in the presence of acetic anhydride, and the resulting azlactone 

MoCoy, Meyer, and Roee, J. BM. Chem., lU, 283 (1036). 

Meyer and Boae, ibid., US, 721 (1036). 

Levene, Chm. Bee., S. 170 (1028). 

”• West and Carter, J. BM. Chem., 119, 103, 100 (1037). 

Carter, Handler, and Melville, Hrid., 129, 360 (1030). 
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was converted into the methyl ester of N-benzoyl-O-methylthreonine by 
the action of sodium methoxide: 


CHrf 3 HO + C!H,-C02H . ^ CHy-CH^C— CO 

I I >0 

NHCOCeHe N=C< 

Ndjis 

CO2CH8 

I 

CeHsCONH-C-H 


CHiONa 

COjCH, 

I 

H-C-NHCOCeHs 


H-C-OCH3 CH3O-C-H 


CHa CHa 

In this synthesis, very little of the allothreonine derivative (froml which 
no nattiral threonine can be secured on hydrolysis and demethylal)ion) is 
formed. 

An azlactone identical with the above is formed on treating the 
benzoyl derivative of either threonine, allothreonine, or their methyl 
ethers with acetic anhydride or with pyridine and benzoyl chloride in 
the cold; on the other hand, when N-benzoyl-O-methylallothreonine is 
treated in acetic acid with acetic anhydride, a second, isomeric, azlactone 
is simultaneously formed. These isomers, which are of the cis and tram 
varieties, yield on hydrolysis the corresponding geometrically isomeric 
benzoyl-a-aminocrotonic acids. 

Threonine is oxidized by periodic acid, with formation of acetalde- 
hyde.**’ On methylation, threonine and allothreonine yield betaines 
which on treatment with alkali undergo retrograde aldolization, yielding 
acetaldehyde and the betaine of glycine.*** 

NCCHa)* N(CH3)a 

CHa-CHOH-CH-COa- CHaCHO + CHr-CO*- 

Hydrozyglutamic Acid. The dicarboxylic acid fractions of hydrolyzed 
casein and zein have been shown by Dakin *** to contain, besides aspartic 
and ^utamic acid, a (+)-hydroxyglutamic acid, which is weakly dextro- 
rotatoiy in water and more strongly so in acid. It appears to be a con- 
stituent of a phosphopeptone from casein.*** Owing to the technical dif- 
Sculties involved in its isolation *** the natural product has received little 
attention. 

XI Carter and MdviUe, ibid., 188. 109 (1940). 

n> Daldn, BioeKem. J., IS, 290 (1918) ; Z. physiol. Chan., 130, 159 (1923). 

x> Bimington, Biochan. J., SI, 1179, 1187 (1927). 

^ GuUand and Morris, J. Chem. Soc„ 1644 (1934). 
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Two syntheses of inactive /3-hydroxyglutamic acid have been devised. 
The first of these *** starts with glutamic acid. 


C0,H 

CO-NHv 

CO-NHv 

1 

1 >co 

1 Vo 

CHNH, 

ch-nh/ 

CH-NH/ 

1 KOCN, Ha 

1 Brs 

1 

CH 2 > 

CH, —4 

CHBr 

1 

CH, 

1 

CH, 

1 

CH, 

1 

W,H 

1 

C0,H 

j 

COsH 


HtO 


CO-NHv 

I ^0 

ch-nh/ 

I 

CH 

II 

CH 

I 

CO 2 H 


Ba(0H)2 


COsH 

I 

CH-NH* 

I 

> CHOH 

I . 

CH, 

I 

CO,H 


The second, and more convenient, synthesis involves the catalytic 
reduction of ethyl isonitrosoacetonedicarboxylate: 


C02Et 

1 

C02Et 

C02Et 

C0,H 

CH 2 

1 

O=N0H 

1 

1 

CHNH 2 

1 

CHNH, 

CO 

1 

CO 

1 

j 

CHOH 

1 

1 

CHOH 

1 

1 

CH 2 

1 

-0- 

1 

CH* 

1 

1 

CH, 

C02Et 

C02E‘t 

1 

C02Et 

j 

COiiH 


The synthetic product consists of a mixture of two racemic diastereoiso- 
mers, the separation of which has not been accomplished. 

Hydroxyproline. 1(— )-7-Hydroxyproline, which has been stated*” 
to occur in combination in proteins of animal, but rarely in those of vegeta- 
ble origin, resembles proline in its solubility in alcohols. Its copper salt, 
^luble in methyl alcohol, differs from that of proline by being insoluble 
in absolute ethyl alcohol.*** Like proline, hydrox3^roline is precipitable 
by Heinecke salt; on the other hand, the rhodanilate is soluble. 

Dakin, Bioehem. J., IS, 398 (1919). 

Harington and RandaU, ibid., 15, 1917 (1931). 

*” BpBrer and Kapfhammer, Z. phyaioU Chrni., 187, 84 (1930). 

“•Klabunde, J. Biol. Chem., 90 , 293 (1931), 
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Its relation to proline was ascertained by Fischer, at the time of its 
discovery,*** by its conversion into proline on healing with phosphorus 
and hydriodic acid. The position of the hydroxyl group was subse- 
quently established by s3nithesis.*'® 


O 

/\ + CHNa(CO^t)j ^ 

C1CH*-€H-CH* 

aCHr-CH-CH?-CCl-CO*Et 

I I 

0 CO 


aCHr-CH-CHy-CH-COsEt 

I I 

0 CO 

aCHjrCH-CHrCHa ^ 

■* I I ^ 

O CO 


a. 


CH*- 




HOCH-CHj-C^-COjH 


The resulting inactive mixture of diastereoisomers was separa^d, by 
crystallization of the copper salts, into two racemic compoimds. One 
of these was converted into the phenylhydantoic acid ; the quinine salt 
of this on fractional crystallization yielded a product identical with the 
corresponding derivative of the natural amino acid. 


CHy 


-N-CONHCOI. 


CH, 


-NH 




I 1 +NH,-> I I +NH,CONHC,H, 

OCH-CHr^H-COja HOCaa-CHr-CH-COOI 


In a similar synthesis, subsequraitly performed,*” the terminal chlorine 
atom was exchanged for an amino group prior to bromination at the a 
position. 

On treatment with sodium h3T)ochlorite, hydroxyproline yields a 
volatile product which ^ves color reactions with dimethylaminobenzal- 
dehyde and with isatin.*** This is pyrrole.*** 

CHr-NH-CH-COjH CH-NH-CH 

I I II II + CO* 

HOCH CHi CH CH 


Tyrodne. I(— )-Tyrosine is very widely distributed as a protein 
component; however, it is not present in gelatin. Its presence, in com- 
bination, is mainly responsible for the yellow color developed by proteins 
with nitric acid foUowed by ammonia or alkali (xanthoproteic reaction), 
and the pink color produced by Millon’s reagent (a solution of mercurous 
nitrate in nitric acid). The Millon test is characteristic for phenols con- 

«• Fiaehffl-, Ber., S5, 2660 (1902). 

”0 Uuchs and coUaboratots, Ber., 88, 1037 (1005) ; 41, 1726 (1006) ; 48, 1060 (1912) ; 
46, 966 (1013). 

Traube, Jobow, and Tepobl, Ber,, M, 1661 (1023). 

*** Lane, Z. phyeM. Chem., 810, 146 (1033). 

**• Waidschmidt-Leitc and Akabori, ibid., 884. 167 (1034). 
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tji.iniTi g a free oniho position. Tyrosine also yields a red color on treat- 
ment in alkaline solution 'with diazobenzenesulfonic acid*** and green 
or red colors with sulfuric acid solutions of formaldehyde or acetaldehyde 
respectively.***’ *** Quantitative color tests, applicable to the estimation 
of Hiwflll quantities of t 3 nx)sine, depend upon the formation of a blue color 
with alkane phosphomolybdate solution *** and upon a standardized ap- 
plication of Millon’s test.*** 

The biochemical conversion of ph^ylalanine into tyrodne in normal 
rats has been imequivocally demonstrated *** by the isolation of tyrosine 
containing deuterium in the aromatic nucleus from the bodies of animals, 
the normal diet of which had been supplemented by deuterophenyl- 
alanine. 

The synthesis of dl-tyrosine has been accomplished by the hippuric 
acid method*® and by the introduction of hydroxyl into phenylala- 
nine *** by successive nitration, reduction, and ^azotization. This sec- 
ond method is of interest as exemplif 3 nng the possibility of diazotizipg 
an amino group attached to an aromatic nucleus without affecting an- 
other present in a side chain. 

When heated under reduced pressure, or better in a mixture of di- 
phenylmethane and diphenylamine at 260-265° under atmospheric pres- 
sure,® tyrosine loses carbon dioxide with formation of tyramine (|8-p- 
hydroxyphenylethylamine). 

The configurational relationship of natural Z(— )-tyroMne to other 
amino acids has been confirmed by oxidation of the N-benzoyl deriva- 
tive, which yields the benzoyl derivative of natural ^aspartic acid.*** 

CeHiOH CO*H 

I I 

CH, CH, 

I -* I 

H— C— NHCOCrfI» H-C— NHCOCbH, 

I I 

COjH COjH 

When tyrosine is subjected to the action of w in presence of the 
enzyme tyrosinase, which is found in many animal and v^table 

>14 Pi^u]y, ibid., 43, SOS (1004). 

*** Designs, Compt. rend., ISO, 583 (1900) ; Butt. soe. ehim., [4] S, 786 (1008). 

M6mer, Z. phytiol. Ckem., 87, 86 (1002). 

*** Folin and Marensi, J. Biol. Chom., 88, 80 (1920). 

»“ FoUn and aooalteu, ibid., 78, 627 (1927). 

*4* Moss and Schoenheimer, ibid., ISO, 415 (1040). 

*40 Erlenmeyer and Halsey, Ann., 807, 138 (1890). 

*41 Erlenmeyer and Lipp, Ann., UO, 161 (1883). 

*4* Goldsdimidt and Freyss, Ber., 66, 784 (1933). 
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tissues (e.g., mealworms or potatoes), oxidation occurs, a dark amor* 
phous, weakly acidic pigment called melanin being formed as the final 
product. Of the series of reactions which takes place, the first is the 
introduction of a hydroxyl group in the position ortho to that in the 
tyrosine.*" The product, Z(— )- 5 , 4 -dihydroxyphenylalanine, has been 
isolated from extracts of various vegetable and animal tissues, but has 
never been obtained from protein hydrolysates. The racemic variety, 
synthesized by standard processes, has been resolved into its optically 
active components by crystallizing the brucine salts of the acetyl deriva- 
tive prepared by hydrogenating the condensation product of protocate- 
chualdehyde and acetylglycine.*" \ 

Being an o-dihydroxylic phenol, dihydroxyphenylalanine ia readily 
autoxidizable in alkaline solution, or in neutral solution in the presence 
of a specific oxidase, with formation of melanin. Apparently tne only 
reaction specifically induced by tyrosinase is the introduction of the 
hydroxyl group; this reaction, however, also takes place with other 
phenols. Raper *"• *" has shown that the production of melanin involves 
the intermediate formation of derivatives of indole. 


HO' 


a CHa 

CH(NH2)-<30aH 


Tyroeine 


CH(NH*)-CO»H 

3,4>Dihydroxypheiiylalaxune 



The first two steps in the above system require the presence of 
enzymes, the subsequent reactions do not.*" The chemical nature of 
melanin is still obscure; it appears to represent a further stage in the 
oxidation of 5,6-dihydrox3rindole. Melanin or similar products are 
formed, though more slowly, by the action of tyrosinase upon substances 

*« Raper, Biochem, 20, 735 (1926). 

2««Harmffton and RandaU, tbid,, 25 , 1028 (1931). 

Raper and collaborators, ibid., 21 , 89, 1370 (1927) ; 29 , 76 (1935). 

^ Evans and Raper, ibid., 31 , 2162 (1937). 
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such as tyramine and N-methyltyrosine, closely allied to tjrro^e. Tyro- 
sol (/S-p-hydroxyphenylethanol) yields a red product, presumably an o- 
quinone. 

like other phenols, tyro^e responds readily to substitution, yielding 
with chlorine or bromine the corresponding dihalogenated tyrosine. Di- 
bromotyrosine gives no color with Millon’s reagent, diazo compounds, 
or formaldehyde in sulfuric acid, but responds to the phosphomolybdate, 
ninhydiin (p. 1099), and xanthoproteic tests. Its isolation from the prod- 
ucts of alkaline hydrolysis of a Norwe^an coral has been reported.^'' 

3,5-Diiodotyrosine (iodogorgoic acid), which can be synthesized by 
the action of iodine upon tyrosine in weakly alkaline solution,^ is also 
present, in combined form, in proteins which have been artificially iodi- 
nated ** and in certain natural proteins. It was first isolated from the 
axial skeleton of a coral (Gorgonia cavolini), later from sponge *** 
and from thyroglobulin, the iodine-containing protein of the th3rroid 
gland.*«' 

Diiodotyrosine breaks down, with loss of iodine, in boiling acid solu- 
tion, but is stable to alkali; hydrolysis of iodine-containing proteins 
by barium hydroxide leads to racemization, and the product, though it 
closely resembles that obtained by iodination of l-tyrosine, actually is 
identical with the racemic variety.*® The natural isomer, however, has 
been obtained by enzjrmatic hydrolysis of thyroglobulin. 

Thyroxine. This iodine-containing amino acid, which exerts the 
stimulating effect on metabolism characteristic of thyroglobulin, was first 
isolated by Kendall *” from an alkali hydrolysate of thyroid substance. 
Its composition and constitution were determined by Harington,*** who 
first established the identity of thyronine (the iodine-free product ob- 
tained by catalytic reduction) with the synthetic p-hydroxyphenyl ether 
of tyrosine, 

COjH 

MSmer, Z. Chem., 88, 140 (1913). 

*** Wheeler and Jamieson, Am. Chem. J., S3, 365 (1905). 

Oswald, Z. physiol. Chem., 70, 310 (1910) ; 71, 200 ; 74, 290 (1911). 

•« Dreohsel, Z. Biol., 88 , 86 (1896). 

‘u Wheeler and Mendel. J. Biol. Chem., 7, 1 (1909). 

Oswald, Z. physiol. Chem., 78, 353 (1911). 

*** Harington and Randall, Biochem. J., 83, 373 (1929). 

Poster, /. BM. Chem., 83, 345 (1929). 

Hense, Z. pkysial. Chem., 81, 64 (1907). 

Harington and Randall, Bioehem. J., 88 , 1032 (1931). 

EendaU, J. Am. Med. Assoc., 84, 2042 (1915) ; J. Bud. Chem., 89. 125 (1919). 

”■ Harington, Bioehem. J., 80 , 203, 300 (1026). 
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and subsequently, witb Barger,^ ssmthesized thyroxine itself by con- 
densing the aldehyde obtained by the following steps: 




with hippuric acid, reducing and demethylating the product by heating 
with hydriodic acid and phosphorus, and finally iodi^ting the phenolic 
group. 1 

The racemic thyroxine so prepared was identical with that obtained 
from thyroid, for the instability of thyroxine toward boiling acids ren- 
dered necessary the use of barium hydroxide as hydrolysant, with conse- 
quent racemization. The optically active isomers were prepared by 
resolution of the formyl derivative of 3,5-diiodoth3rronine (the product of 
the penultimate step in the above ssmthesis) followed by hydrolysis and 
iodination. Of these, the levorotatory variety has the same configuration 
as natural Z(— )-tyrosine; this relationship was established*® by com- 
parison of the corresponding thyronine with a sample synthesized from 
N-benzoyl-l-tyrosine ester and 3,4,5-triiodonitrobenzene, with subse' 
quent r^oval of the iodine atoms by hydrogen and palladium, and re- 
placement of the amino (originally nitro) group by hydroxyl. 

Enzymatic hydroly^s of thyroglobulin leads to i-thyroxine which 
is twice as active phydologically as the racemic product.*** The same 
relation holds between the respective potencies of thyroxine in naturally 
combined form (thyroid protein) and dl-thyroxine, from which it appears 
probable that the phymolo^cal activity of the latter is due almost en- 
tirely to the leva component. The observation of some activity in dr 
thyroxine may conceivably be attributable to its biolo^pcal conversion to 
^>thyroxine through the corresponding a-keto acid, which has been 
shown *” to exert, though to a lower degree, the specific physiological 
action of thyroxine. 

Cjrsteine and Cystine. These sulfu]xx>ntaining amino adds, struc- 
turally dosely related to serine, occur almost universally in protdns; 
in gelatin, however, they are present only in traces.^ Althou^ they are 

^ Harington and Barger, ibid., 21, 169 (1927). 

>MHarington and coUaborators, ibid., 22 , 1429 (1928) ; 28 , 68 (1984). 

Harington and Salter, ibid., 24 , 466 (1930). 

^ Foster, Palmer, and Leland, J. BiciL Chem., 118, 467 (1936). 

*** Cansanelli, ChiUd, and Harington, Biochem, J., 29 , 1617 (1935). 
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readily interoonvertible, it has been found possible,* by the application 
of principles discussed below, to demonstrate the extent to which the 
one or the other is present in a given protein or its hydrolysate. Z(— )- 
Cystine is found as such in the urine of persons subject to the obscure 
metabolic disturbance known as cystintiria, and it forms the major con- 
stituent of the urinaty calculi often assodated with this condition. 

l(+)-Cysteine has been ^mthesized by the action of phosphorus pen- 
tasulfide on benzoylserine ester, followed by hydrolysis,”* and from serine 
ester hydrochloride by successive treatment with phosphorus pentachlo- 
ride and barium hydrosulhde.”* The cystdne so produced from natural 
serine yields on gentle oxidation the natural, levorotatory 2-C3rstine. 

A convenient synthesis of the racemic variety of cysteine has been 
devised by Wood and du Vigneaud.”® Chloromethyl benzyl sulfide, 
from benzyl mercaptan, formaldehyde, and hydrogen chloride, is con- 
densed with phthalimidomalonic ester (p. 1105) ; the product on hydroly- 
sis yields S-benzyl-di-cysteine, 

CeHsCHjSH + CHjO + HCl CoHsCHjSCHja -> 

C«H6CHaSCHiC(CO*C2H6)4N<(^^^^,fl4 C.H6CHsSCH»CH(NH4)CO»H 

from which the benzyl group is removed by sodium in liquid ammonia: 
CHiSCHsCeHB CH,SNa 

I I 

2CHNH4 + 2Na 2CHNH* + CeHsCHsCHjCiflB 

I I 

CO 2 H CO*H 

The interconversion of cysteine and cystine 

CHjSH CH»-S S-CH* 

I o I I 

2H— C— NH» ^ H-C— NH» H-C— NH» 

I “ I I 

COjH CO*H coja 

is a thennodynamically reversible process, the oxidation-reduction po- 
tential of which is apparently characteristic of the general system 

2H + RS-SR 2RSH 

and independent of the nature of the group R.*“ 

Fisoher and Raske, Ber., 41 , 893 (1908). 

•“ Wood and du Vigneaud, J. Biol. Chen., Ul, 267 (1939). 

*** Fraton and Clarke, ibid.. 106 , 667 (1934). 
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Reduction of cystine to cysteine is readily effected, in acid solutions, 
by means of tin or zinc; in neutral or alkaline solutions an excess of 
another sulfhydryl compound, such as thioglycollic acid, may be em- 
ployed for the reduction of the disulfide linkage in proteins.*®'^ 

RSSR + 2R'SH 4=± 2RSH + R'SSR' 


For preparative purposes, the action of metallic sodium in liquid am- 
monia is often convenient.^®* 

Oxidation of cysteine to cystine may be effected by oxygen in faintly 
alkaline solution, a reaction catalyzed by traces of salts of iron and other 
metals which form autoxidizable complexes with cysteine.*®® It c^n also 
be carried out in acid solution by means of iodine; this reaction foiW the 
basis of a method for the quantitative estimation of cysteine.*'^® \ 

When di-cysteine is oxidized to the disulfide, or when i-cystme is 
racemized by prolonged boiling with hydrochloric acid,*^^ the resulting 
optically inactive cystine consists of a mixture of the racemic and ineso 
varieties.*^ Only the former can be resolved into active components: 


CHs — S — S — CH2 

NH, H— (Ij— NH, NHr 

iojH iosH 


CHir-S— S— CH, CHr-S— S-CH, 

-i— H NH*— <[3— H NH,— <[5— H H— «!j— ; 

io,H iosH ioiH ic 


(2^dyBtine 


NH, 

»H coja 

meso-CyBtine 


With bromine water, the sulfur atoms in cysteine (and cystine) are 
rapidly oxidized to sulfonic acid groups, with production of cysteic acid. 


H 03 S-CHirCH(NH 2 )- 002 H 


The same reaction takes place, relatively slowly, with iodine.*"^® 

Intermediate oxidation products have been isolated. By the action 
of perbenzoic acid in acetonitrile, cystine perchlorate is converted into 
a disulfoxide, which is reduced to cystine by hydriodic acid and oxidized 
to cysteic acid by excess of iodine. In acid solution, spontaneous dismu- 

du Vigneaud and collaborators, ibid., 94, 233 (1931) ; Goddard and Michaelis, ibid., 
112, 361 (1936). 

*•8 du Vigneaud, Audrieth, and Loring, J. Am. Chem. Soc., S2, 4600 (1930). 

MichaeUs and Schubert, iind., 62, 4418 (1930) ; 68, 3861 (1931) ; Schubert, ibid., 
64, 4077 (1932). 

870 Okuda, J. Biol. Chem. {Japan), 6, 207 (1925) ; Proc, Imp. Acad. {Tokyo), 6, 246 
(1929); Lavine, J. Biol. Chem., 109, 141 (1936). 

Hoffmann and Gortner, J. Am. Chem. 80 c., 44, 341 (1922). 

>7Mu Vigneaud and collaborators, J. Biol. Chem., 94, 243 (1931); 98, 677 (1932); 
102, 287 (1933) ; 107, 267 (1934). 

878 FriedmaJin, Beitr. chem. Phyeiol. Podh., 8, 27 (1903) ; Yamasaki, J. Biochem. {Japan), 
IS, 207 (1030). 
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tation of the disulfoxide occurs with formation of cystine and a sul- 
finic acid, 

H02S-CHj-CH(NH»)-C0*H 

which is also formed by the action of hydrogen peroxide upon the 
complex potassium cobalto biscysteinate.”® The dismutation of the di- 
sulfoxide, which is paralleled by the actions of p-thiocresol and sodium 
cyanide, 

2 RSO-SOR + 2C7H7SH -> RS-SR -f- 2 RSO,H -|- C7H7S-SC7H7 
RSO-SOR + NaCN ^ RSCN + RSO2H 
possibly involves a highly reactive and unstable sulfenic add. 

RSO-SOR -I- H 2 O ^ RSO 2 H + RSOH 
2RSOH -> RSH + RSOsH 
RSOH + RSH RS-SR 

The reaction between cysteine and the hypothetical sulfenic acid ap-* 
pears to form one aspect of an equilibrium reaction undergone by cystine 
and other disulfides, especially in alkaline solution.®^' 

RSSR -t- H 2 O RSH + RSOH 

This equilibrium”^ serves to explain the behavior of cystine toward 
cyanide,”® 

RSSR + NaCN ^ RSNa + RSCN 

and sulfite.”* 

RSSR -I- NajSOs -» RSNa + RSSO,Na 

Like other thiol compounds, cysteine forms water-insoluble deriva- 
tives with silver, mercury, and cuprous copper. Such precipitates are 
also produced from cystine; with silver and mercuric ions, reduction of 
the dis u lfide linkage takes place at the expense of a portion (about one- 
sixth) which is not precipitated but appears as cysteic acid; *** with excess 
of cuprous chloride, on the other hand, a quantitative yield is obtainable 
as the disulfide linkage is reduced by the cuprous ion.**^ 

Toennies and Lavine. J, BioL Chem, 113, 571, 683 (1936). 

Schubert, J. Am, Chem, 8oc,, 66, 3336 (1933). 

Schoberl and collaborators, Ann,, 607, 111 (1933) ; Bcr„ 67, 1645 (1934) ; Natur- 
wisaenachafien, 84 , 391 (1935). 

Shinohara and Kilpatrick, J, Biol, Chem,, 106, 241 (1934). 

Mauthner, Z. physiol, Chem., 78, 28 (1912) ; Pulewka and Winser, Arch. expU. Path, 
Pharmakol., 138. 164 (1928). 

Clarke. J, Biol. Chem., 97, 236 (1932). 

Vickery and Leavenworth, ibid., 86 , 129 (1930) ; Simonsen, ibid., 94 , 323 (1931). 
Rossouw and Wilken-Jorden. Biochem. J., 89 , 219 (1936) ; ^Luoas and Beveridge, 
ibid., 84 , 1356 (1940). 
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In colorimetric methods for the anal 3 rtical estimation of cystine the 
first step consists in the rupture of the disulfide linkage to produce 
cysteine. The procedures elaborated by Folin,^ and the modifications 
of these, ^ depend upon the blue color produced by the action of cysteine 
(and other sulfhydryl compounds) upon phosphotungstic acid. Lugg 
has shown that the intensity of this color from pure cysteine alone is the 
same as that from a corresponding quantity of cystine in presence of 
sodium sulfite in excess; cysteine with sulfite yields twice the intensity. 
From this it is clear that, by the oxidizing action of the phosphotungstic 
reagent in the presence of sulfite, all the cystine (or cysteine) is ultimately 
converted into the non-reducing thiosulfonic derivative: 

RSSR + RSSR 2RSH + 2RSSO*Na 

PW acid 

RSSR < 2RSH 

The development of sulfhydryl compounds of a characteristic purple 
color with nitroprusside has been applied to the estimation of cystine.^®* 
In this case the disulfide linkage is opened by double decomposition with 
cyanide. 

More specific is the process of Sullivan.®®® In this, cystine is treated 
successively with cyanide and l,2-naphthoquinone-4-sulfonic acid; the 
color developed by cysteine is not, in contrast to that from other amino 
acids, discharged on addition of sodium hydrosulfite. As in the Folin 
process, cysteine yields twice the color intensity furnished by cystine.®®® 
Slight variations in technique affect the color intensity. Under certain 
conditions exposure of the final solution to air leads to increase in color; ®®^ 
it seems possible that the reaction may involve an autoxidizable leuco 
derivative. A color reaction, possibly analogous to the preceding, is 
given by cysteine with o-benzoquinone.®®® 

Derivatives of cysteine in which the sulfhydryl hydrogen atom is 
replaced by alkyl groups are of course devoid of actual or potential 
reducing properties and do not respond to the specific color tests. They 
may conveniently be synthesized by the action of alkyl halides upon the 
sodium derivative of cysteine in aqueous ®®® or liquid ammonia ®®® solur 

Tompsett, ibid,, 26, 2014 (1931); Shinohara, J. Biol, Chern,, 109. 665 (1935). 

^ Lugg. Biochem. 26. 2144 (1932). 

Brand. Harris, and Biloon. J. Biol, Chem,, 86. 315 (1930). 

Sullivan. U. 8. Pub, Health Repie,, 41 . 1030 (1926) ; 44 . 1421 (1929) ; SuUivan and 
Hess, ibid,, 44 . 1599 (1929). 

Lugg. Biochem, J,, 27. 668 (1933). 

^Buabill, Lampitt, and Baker, ibid,, 28 . 1293 (1934). 

^ Dyer and Baudiacb, J, Biol, Chem,, 96 . 483 (1932). 
and Inouye. ibid,, 94 . 541 (1931). 

Vigneaud, Loring. and Craft, ibid,, 105. 481 (1934). 
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tion. An interesting member of this series is Z(—)-djenkolic add, present 
in the Djenkol bean,^ the synthesis of which from 2-cystdne has been ac- 
complished by the liquid ammonia technique.^ 

CHjSNa CH*S-CHy-SCHj 

I I I 

2H-C-NH, + CHsCl* -> H-C-NH, H-C-NH» 

I I I 

COjH CO»H COiH 

S-Aryl derivatives of cysteine have been prepared by the action of 
diaix) compounds upon cysteine; ***• on acetylation they are converted 
into mercapturic acids. Bromobenzene, given by mouth to a dog, is 
excreted in the urine as f(— )-p-bromophenylmercapturic acid,*** 

CHrSC*H4Br 

I 

H-O-NHCOCH, 


COsH 


in unstable combination with some imknown compound, possibly a glycu- 
ronic acid. The extent to which the bromobenzene is converted to the 
mercapturic acid depends largely upon the amount of cystine available 
in the body.*** 

i(+)-Cysteine reacts with aqueous formaldehyde to yield 1(— )- thia- 
zolidinecarboxylic add *** 


U-NH/ 


H-C— NH 


COjH 

in which the basic properties are markedly weaker than in cysteine. 

Like serine, cysteine and cystine break down in hot alkaline solution 
to yield ammonia and pyruvic acid; sulfide is also formed. The decom- 
position is accelerated by the presence of lead oxide, pyruvate, or aro- 
matic aldehydes; acylation also increases the instability towards alkali. 
Nicolet, from a consideration of the behavior of jS-ketonic sulfides toward 
alkali, 

RC30-CHr-CHR-SR ^ RC(OH)=CH-CHR-SR RCO-CH=CSR + BSH 

van Veen and Hyman, Rec, Irav. chim., 54 , 493 (1935). 

*•* du Vigneaud and Patterson, J. Bioh Chem., 114 , 533 (1936). 

Friedmann, Beitr, chem. Physiol. Paih.^ 4 , 486 (1904). 

Baumann and Preusse, Bcr., IS, 806 (1879); Z. physiol. Chsm., 5, 309 (1881); 
Jaflf4, Ber., IS, 1092 (1879). 

*** Kapfhammer, Z. physiol. Chem.t 116 , 302 (1921) ; Muldoon, Shiple, and Sherwin, 
J. Biol. Chem., 59 , 676 (1924). 

Ratner and Clarke, J. Am, Chem. Soe,, 59 , 200 (1937). 
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has suggested that the alkaline decomposition of cysteine takes the 
following course: 

SH O SH OH O 

(!!Hr<3H-<iloH ^ (!!HrC=<!30H H,S + -♦ CH,CO-COJ[ + NH, 

llfHj ]!iH> NH, 


supporting this view by the synthesis of cysteine derivatives from mer- 
captans and unsaturated azlactones or the corresponding open-chain 
esters. 


CaHsCH^C— N==CCeH5 


+ C 7 H 7 SH + EtONa 


CO 0 

C6H8CH=C-NHC0C6H5 

I 

C02Et 


- 1 - C 7 H 7 SH 


\ CeHsCH-CH-NHCQCeH* 

; I i \ 

/ C 7 H 7 S C02Et 


Methionine.* Although it had for many years been evident that sulfur 
must exist in proteins in a form other than that of cystine or cysteine, 
the first definite hint of its nature was afforded in 1914 by the observation 
of Momer that oxidation of proteins with nitric acid leads to the for- 
mation of methanesulfonic acid in yields totally unrelated to their con- 
tent of cystine. That this compound is not formed from pure cystine 
was shown by direct experiment. In 1923 Mueller isolated from pro- 
tein hydrolysates a crystalline amino acid isomeric with ethylcysteine 
but differing from it in being stable to boiling alkali. The same product 
was shortly thereafter obtained from yeast by extraction with 80 per cent 
alcohol. Its constitution was established by Barger and Coyne,®®® who 
synthesized the racemic form by applying the Strecker sjmthesis to 
methylthiolpropionaldehyde, 

CHiSCHr-CHr-CHO + HCN + NH, CH,SCHr-CHr-CH(NH,)— 

More advantageous syntheses, later developed, involve the application 
of the malonic ester and the phthaliminomalonic ester procedures 
to /3-chloroethyl methyl sulfide. 

Methionine (levorotatory in water) is now recognized as an almost 
universal constituent of proteins, from which it is liberated by add hy- 

**'Ni0(det, ibid., 58, 3066 (1031); 54, 1098 (1032); J. BM. Chem., 05, 380 (1932). 

Mdmw. Z. pkytitd. Chan., 98, 175 (1914). 

>** MuaUar, J. BiaL Chem., 55, 156 (1023). 

Barger and Cojme, Bioehan. J., 00, 1417 (1028). 

tn -WJndus and Marvel, J. Am. Chem. Boo., 50, 2575 (lOSQ). 

*** Barger aod Wddualbaum, Biochem. J., 05, 997 (1031). 
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drolysis and by the action of proteolytic enzymes.*®* Like other mono* 
amino monocarboxylic adds, it is extractable from neutral solution by 
butyl alcohol; it is a frequent contaminant of leucine of protein ori- 
gin,*®* from which it can be separated as a sparingly soluble mercury 
derivative.*®* 

Methionine stimulates the growth of rats on diets from which cystine 
is absent.*®* Its biochemical conversion into cystine *®^ has been proved 
by the demonstration that radioeictive sulfur, when fed to rats in the form 
of methionine, appears in the tissue proteins as radioactive cystine,*®* the 
sulfur atom of which docs not exchange with hydrogen sulfide*®* in 
aqueous solution. 

In hot 60 per cent sulfuric acid methionine is converted into homo- 
cystine 

S-CHir-CHH:!H(NH8)-CO»H 

S-CHirCH*-CH(NHs)-C08H 

with only slight racemization,**® and in boiling hydriodic add it breaks, 
down into methyl iodide and the thiolactone of homoc 3 rsteine, 

CHj-CHj-CHNHj CH*-CH*-CHNH* 

-f- HI CHsI + 

CH^ COsH S- -CO 

a reaction which forms the basis for an analytical method for the estima- 
tion of methionine.*** 

Homocystine has been synthesized *** by the malonic ester method. 
During the early stages of the synthesis, the sulfur atom is protected 
by a benzyl group, which is later removed (as o:,/3-diphenylethane and 
toluene) by the action of sodium in liquid ammonia. 

C,HjCH,S-CHr-CH2Cl-l-NaCH(C02Et), — C,H,CH,S-CHrCHj-CH(CO,Et), -» 

Br: NHt 

Cja,CH,&-CHr-CHrCH(CO,H )2 Cai,CH,&-CHr-CHrCBr(CO,H), > 

C,H.CH,S-CH 2 -CHrCH(NH,)-CO,H HSCHrCH 2 -CH(NH,)-<X>ai ■ ^ 

I— SCHrCHrCH(NH,)-C02Hl, 

*®»Pirie, ibid., 26 , 1270, 2041 (1932); 27 , 202 (1933). 

MueUer, Science, 81 , 50 (1936). 

Hill and Robson, Biochem. J., 28, 1008 (1934). 

Jackson and Block, J, Biol. Chem., 98 , 465 (1932) ; du Vig;neaud, Dyer, and Haimon, 
ibid., 101 , 719 (1933). 

*07 White and Lewis, ibid., 98 , 607 (1932) ; Brand, Cahill, and Harris, ibid., 109 , 69 
(1935). 

*08 Tarver and Schmidt, ibid., 130 , 67 (1939). 

Tuck, J. Chem. Soc., 1292 (1939). 

*10 du Vigneaud and collaborators, J, Biol. Chem., 99 , 135 (1932) ; 109 , 97 (1935). 
Baernstein, ibid., 106 , 451 (1934) ; 116 , 24 (1936). 

Patterson and du Vigneaud, ibid.. Ill, 393 (1935). 
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The homocysteine, which in the last step is oxidized to homoc^tine, is 
stable only in alkaline solution; in the presence of add it loses water to 
form the thiolactone,*'* which has no redudng action on iodine imtil the 
ring has been opened by alkali. In hot 60 per cent sulfuric add homo- 
cysteine undergoes oxidation to homocystine to a greater extent than 
ring closure — a finding which partially explains the formation of homo- 
cystine from methionine. Ck>ld or more dilute sulfuric add favors thio- 
lactonization. 

Homocystine can be converted into methionine by successively treat- 
ing it in liquid ammonia solution with sodium and methyl iodide.*?* By 
resolving S-benzylhomocysteine into its optical components and sub- 
jecting the products to the reactions outlined above, it has been possible 
to prepare the active isomers of homocystine and methionine.”* \ 

The higher homolo^, homomethionine (n = 3), pentocystine (n p 3), 
hexomethionine (n = 4), and hexocystine (n = 4), 

CH,S(CHs)»CH(NH 8 )COsH [-S(CH,)„CH(NH 2 )CO*H]j 

have been prepared by analogous methods. Unlike the preceding mem- 
bers of the series, none of the four is utilizable for growth in place of 
cystine.”* 

An amino acid to which the constitution 

HOsC-CH(NH2)-CH2-&-CH*-CHy-CH(NH2)-CO*H 

is ascribed has been isolated from the products of the action of sodium 
sulfide on wool.”* This compound, which contains the structures of both 
cysteine and methionine, may be merely an artifact and not a true 
protein component. 

Lysine. The classical methods devised by Kossel and Kutscher,”^ 
for the separation of the three basic amino acids or '*hexone bases,” 
form the basis for the modem procedures developed by Vickery ”• and 
Block.”* An excess of tilver sulfate or nitrate is added to a sulfuric acid 
hydrolysate previously adjusted to pH 3-6 with barium hydroxide, and 
the acidity is further reduced by gradual addition of more barium 

«* Riesd and du Yigneaud, ibid., US, 149 (1936). 

du Vigneaud and Patterson, iind,, 109, 97 (1935). 

du Vigneaud and ooUaborators, ibid., 106, 401 (1934) ; 108, 73 (1935) ; 120, 11 (1937). 

KOster and Irion, Z. physiol. Chem., 184, 225 (1929). 

Koasel and Kutsoher, ibid., 81, 165 (1900). 

Vickery and collaborators, J. Biol. Chem., 76, 115 (1927) ; 86, 107 (1930) ; 98, 105 
(1981). 

Block, ibid., 106, 457 (1934). 



NATURAL AMINO ACIDS 


1139 


hydroxide. At pH 7.0-7.4 histidine, at pH 13-14 ai^pmme predpitate, 
as their silver derivatives. Lysine, which remains in the filtrate, is sub- 
sequently thrown down as its phosphotungstate and finally converted 
into the picrate. 

l(-f)-Lysme is a fairly general constituent of protdns, though it is 
absent, or nearly so, from alcohol-soluble proteins of v^table origin. 
In only those proteins which contain lysine can the amino group be 
detected.*^ The lysine appears to be linked with other amino acids 
through its carboxyl and o-amino groups, the terminal group supplying 
practically all the free amino groups ascertainable in proteins by means 
of nitrous acid,**^ for the values so obtained correspond closely to one- 
half of those for Ijrsine nitrogen. Moreover, no lysine is obtainable from 
protdns which have been deaminized by nitrous acid.*’^ In the reaction 
with nitrous acid (Van Slyke procedure) evolution of nitrogen from pro- 
teins can be almost completely suppressed by chilling to 0 -^°; at this 
temperature lysine yields only one-half of its nitrogen, but at 32° 3 delds 
all in 5 minutes. It is the terminal group of lysine which is the less reac-, 
tive, for alanine responds readily and completely to nitrous acid at 3°.*^* 
Proteins which have been benzoylated or benzenesulfonylated yield on 
hydrol 3 rsis the «-benzoyl *** and e-benzenesulfonyl derivatives of lysine, 
respectively. 

df-Ljrsine has been synthesized by reducing ethyl a-isonitroso-^ 
cyanovalerate with sodium and alcohol; **• 

NC-CHr-CHr<3HsCl + NaCH(CO,Et), -► NC-CHr<;HrCHr-CH(C!OJEt), 

-> NCVCHr<!Hi-CHr-C(=NOH)-CO,Et 

^ NjjjQHr-CH,-CHr<!HrCH(NH,)-CO,H 

by reduction of the condensation product of 7 -chlorobutyronitrile and 
sodium ethyl phthaliminomalonate, followed by hydrolysis; and from 
benzoylpiperidine by the following steps: 

Kosb^ and collaborators, Z. phyaiol. Chem,, 76, 467 ; 81, 274 (1912). 

Van Slyke and Birchard, /. Biol. Chem., 16, 639 (1914). 

Skraup and Kaas, Ann., 361, 379 (1906) ; Kossel and Weiss, Z, phytiol Chem., 78, 
402 (1912). 

Sure and Hart, J. Biol. Chem., 81, 627 (1917). 

Goldschmidt and Kinsky, Z. physiol. Chem., 188, 244 (1929). 

•*® Gurin and Clarke, J. Biol. Chem., 107, 396 (1934). 

**• Fischer and Weigert, Bcr., 85, 3772 (1902). 

SOrensen, Compt. rend. trav. lab. Carleberg, 6, 1 (1903) [Chem, Zentr., (11), 33 (1903)] 

V. Braun, Ber., 48 , 839 (1909). 
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CHs-CHr-N-COCifls pou CHrCHsCl 


CHf-CHy-CN 

CHirCH*-CH!r-NHCOC«H8 

CHj-CHBr-COjH 

I 

CHj-CHr-CH*-NHCOC«H6 


CH*-CHs-CHr-NHCOC«H» 
jjOH CHsrCHr-COsH 

CHi-CHr-CHs-NHCOCsHs 
nh, CH 8 -CH(NH 2 )-C 08 H 

CHy-CHrCHr-NHCOCeH* 

CHsrCHCNHshCOisH 


CH*-CH*-CH!!-NH2 1 

In a convenient modification *** of this synthesis, the intermediate Wben- 
zoylaminocaproic acid is prepared from cyclohexononeoxime. \ 
CHr-CH2-C=NOH TT.Rn, CH* CHj CO 


CHi!-CH*-CHs 

CH*-CHr-C02H 


CH 2 -CH 2 -CH 2 -NH 

c.H.coa CH2-CH^02H 


CH2-CH2-CH2-NH2 CH2-CH2-CH2-NHCOC«Hs 

Lysine forms a dibenzoyl derivative, lysuric acid,”® which on partial 
hydrolysis by acid yields a monobenzoyl compound.®” On treatment 
with nitrosyl bromide this is converted into a-bromo-«-benzoylamino- 
caproic acid identical with that obtained from benzoylpiperidine, and 
with phenyl isocyanate it yields a phenylureide readily convertible into 
a phenylhydantoin.*** It must therefore be the «-monobenzoyllysine ; 
GHjNHCOCja* CHiNHCOCeHj CH2NHCOC6H6 


CHNHCOCsH* 

1 

CO2H 


(CH*), 

I 

CHNH2 

I 

CO2H 
I C^NCO 
CH 2 NHCOC 6 H 6 


CHBr 


CH2NHCOCeH» 


CHNHCONHCoHs 

I 

CO2H 


**• Eok and Marvd, J. Biol. Chom., 106, 387 (1934). 

”0 Diechad, Ber., SB, 3189 (1895). 

*** Karrer and Eburenatdn, Heiv. Chim. Aeto, 9, 323 (1926). 


CH NH 


CO-N(C«H*) 


^0 
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Benzoylated proteins, on hydrolysis, yield the same monobenzoyl lymne, 
the constitution of which has been confirmed by oxidation to 3-benzoyl- 
aminovaleric acid.®* Alkaline hydrolysis of lysuric acid likewise causes 
the removal of the a-benzoyl group.®® On the other hand, dibenzenesul- 
fonyl lysine on acid hydrolysis loses a benzenesulfonyl group exclusively 
from the e-position.®® 

Unnatural d(— )-lysine is nutritionally ineffective (p. 1084), probably 
because of the metabolic unavailability of some intermediary form such 
as 

CHj-CHrO-COsH 

I II 

CHj-CHr-N 

produced by the internal condensation of the terminal amino group with 
the a-keto group formed by the oxidative deamination which is a normal 
catabolic process. 

Evidence for the existence of a new diamino acid in gelatin has re* 
cently been adduced.®* Its chemical composition is that of a hydroxyly- 
sine; as on oxidation with alkaline periodate it (like serine) yields for- 
maldehyde and ammonia,*® hydroxyl and amino groups occupy neigh- 
boring positions at the end of a chain. Two possible structures are 
proposed: 

CH2(NH2)CH0HCH8CH2CH(NH2)C02H 

or 

CH20HCH(NH2)CH2CH2CH2(NH2)C02H 

/(-f-)-Argixiine appears to be a universal component of proteins, from 
which it is partially split off by enzymes during the early stages of pro- 
teolysis.*® It is particularly abundant in the protamines of fish sperm; 
these highly basic polypeptides contain up to 90 per cent of their nitrogen 
in the form of arginine.*”’ *® Its properties are largely determined by 
the presence of the strongly basic (p. 1112) guanidino group. There is a 
marked contrast between its titration curve and that of lysine *•* in the 
region of pH above 10. When amino acids are titrated in 85 per cent 
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alcohol, or in the presence of formalin, amino groups lose their bacdc 
fimction (<;f. p. 1090) ; the guanidine group does not.**’ •“ 

The guanidine group in proteins is selectively decomposed by sodium 
hypochlorite or hot ahcalies.*** The products, which yield but little 
arginine on hydrolyris, are no longer soluble in dilute acids and are not 
digestible by pepsin, but are readily hydrolyzed by trypsin. When 
sodiiun hyi)Ochlorite is added to an alkaline solution of arginine with 
a-naphthol, a red color is produced. This, the Sakaguchi, test is positive 
with proteins containing combined arginine *“ and with monosubstituted 
guanidines such as methylguanidine or glycocyamine; it is also givenjby 
sj/TO-dimethylguanidine and sym-trimethylguanidine but not by asjW- 
metrically di- and trisubstituted guanidines (e.g., as-dimethylguanidine, 
glycocyamidine, creatine) nor guanidine itself.*" It has been developed 
into a quantitative procedure for the estimation of arginine.®** Proteins 
also give the color, in intensities equivalent to their content of combined 
arginine. 

Arginine, in common with other guanidino derivatives containing 
two hydrogen atoms attached to a single nitrogen atom, develops a violet 
color on treatment with biacetyl or acetyl benzoyl in alkaline solution.*** 
This color reaction, which has been placed on a quantitative basis, de- 
pends upon the following series of reactions: 


O O 0 0 

CH*— ils— i!/“R CH— R 

R-C-C-CH. E-S-C-CH. 


A 


RaN-C(==NH)-N N-C(=-NH)-NRa 
CH— i!:— I j-r 
rIIj — C—CH, 

ll-C(=NH)-NR, 


Creatine (p. 1111) responds to this test; creatinine does not. 

Another, and far more specific, method is based upon the hydrolysis 
of arginine into ornithine and urea under the influence of an enzyme, 
arginase, present in mammalian liver.*** 

NHr-C(=NH)— NH— (CHs)r-CH(NH2)— CO2H -» 

CO(NH,)* + NH*— (CH 2 )»-CH(NH,)— CO,H 


The urea so formed is estimated either as ammonia after hydrolysis by 

*>*I«T 3 r, Und., 109, 365 (1035). 

***SBlcaguchi, J. Bioehem. (Japan), ». 143, 150 (1025). 

**• Sakaguchi, Md., 6, 25, 133 (1025). 

**» PoUer, Ber„ SO, 1027 (1026). 

*** Weber, J. Biol. Chem., 86, 217 ; 88, 353 (1030) ; Jorpea and ThorSn, Bioehem. J., 86, 
1504 (1032). 

*** Harden and Norris, J. PkyrioL, 48 , 332 (1011) ; Lang, Z. pkyeiol. Chem., 808 , 273 
(1032). 

*** Xoeael and Daldn, ibid., 41 , 321 ; 48 , 181 (1004). 
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ureaae or directly by treatment with xanthydrol,**® which causes the 
quantitative precipitation of dixanthylurea.**"^ 



The conversion of arginine to ornithine and urea can also be effected 
by boiling with barium hydroxide; on boiling with 20 per cent (or 
stronger) sodium hydroxide,*^® arginine is converted into ornithine and 
two equivalents of ammonia. 

The method of separating arginine from other amino acids by its pre- 
cipitation at high alkalinity as a silver derivative analogous to the insolu- 
ble compoimd CH 3 N 3 Ag 2 *1120 formed by guanidine under similai' con- 
ditions has been supplemented, for analytical and preparative purposes, 
by a process based on the observation that arginine forms a sparingly 
soluble salt with 2,4-dinitro-l-naphthol-7-sulfonic (flavianic) acid.*®®’ *^® ^ 
The flavianate may conveniently be converted, by means of strong hy- 
drochloric acid, in which the free flavianic acid is not freely soluble, into 
the very soluble dihydrochloride; this yields the crystalline monohydro- 
chloride on treatment with aniline.*®^ For anal 3 rtical purposes, arginine 
may be completely precipitated as the diflavianate from an acid hydroly- 
sate of a protein by the addition of 4 to 5 moles of flavianic acid per mole 
of arginine; this diflavianate is then dissolved in ammonia and quantita- 
tively precipitated by acidification.*®* 

Arginine forms an insoluble benzylidene derivative which separates 
selectively when protein hydrolysates are rendered strongly alkaline and 
treated with benzaldehyde.*®’ *®* Benzylidene arginine is readily decom- 
posed into benzaldehyde and a salt of arginine on warming with dilute 
mineral acid. The inability of this compound to form a sodium salt is 
attributable to the failure of the alkali metal to replace the equally 
strongly basic guanidino group present in the molecule. A similar effect 
is observed with the hydantoic acid formed by the action of potassium 
cyanate upon arginine monohydrochloride: *®* the solubility of this prod- 
uct in water is not increased by the addition of alkali. 

Hunter and Dauphinee, /. Biol. Chem., 86, 627 (1930). 

Bonot and Cahn, Compt. rend., 184, 246 (1927). 

»« Fosse, ibid., 158, 1076 (1914); Ann. chim., [9] 6, 13 (1916). 

Schulze and collaborators, Ber., 84, 2701 (1891) ; 80, 2879 (1897). 

»*• Van Slyke, J. Biol. Chem., 10, 16 (1911) ; Plimmer. Biochem. J., 10, 116 (1916). 

*** Kossel and Gross, Z. physiol. Chem., 138, 167 (1924). 

Cox, J. Biol. Chem., 78, 476 (1928). 

»»* Vickery, ibid., 188, 326 (1940). 

Brand and Sandberg, “Organic Syntheses,” John Wiley A Sons, New York (1932). 
Vol. 12, p. 4. 

*•* Boon and Hobson. Biochem. J., 89, 2673 (1936). 
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On treatment with sodium nitrite and acetic add in the Van Slyke 
procedure, ai^^nine pves rise to only one molecule of nitrogen; •“ al- 
though guanidine reacts rapidly with nitrous add in the presence of 
mineral add, it does not do so in acetic acid,^ and the guanidino group 
in arginine behaves in the same way. Proteins, on hydrolysis after treat- 
ment with sodium nitrite and acetic acid, yield arginine but no lysine.*^^ 
The guanidino group is resistant to the action of barium permanga- 
nate, by which arginine is oxidized first to y-guanidinobutyric add and 
finally to guanidine.*” Proteins yield guanidine on similar treatment.*®® 
like guanidine, arginine can nitrated.*®^ Nitroarginine, which caln 
also be obtained by hydrolysis of a nitrated protamine, lacks the strongly 
basic character of arginine, which is regenerated by catalytic hydrogen^ 
tion.*** \ 

N(V-NH-C(=NH)-NH-(CH*)irCH(NH*)-C02H ^ \ 

NHs + NH2-C(==NH)NH-(CH2)3CH(NH2)-C02H 

This reaction has been adapted to meet the needs of peptide synthesis. 

An analogous compound, arginine-phosphoric acid, has been isolated 
from the muscle of marine invertebrates, in which it plays the part taken 
by creatine-phosphoric acid (p. 1113) in muscular contraction of verte- 
brates.*®* Arginine-phosphoric acid 

C02H-CH(NH2)-(CH2)jrNH--C(==NH)-NH--P0(0H)2 

in which the dissociation constant of the guanidino group has been low- 
ered by the introduction of the phosphoryl group, is hydrolyzed to 
arginine and phosphoric acid during muscular activity and is resynthe- 
sized during relaxation. 

Acyl derivatives of arginine can be prepared by the usual methods, 
the a-amino group being far more readily acylated than the guanidino 
group. With benzoyl chloride and alkali, a dibenzoyl derivative is 
formed; **® on the other hand, in attempts to prepare the corresponding 

Van Slyke, J, BioL Chem,, 9 , 186 (1911) ; Plimmer, Biochem. 18 , 105 (1924) ; 
Hunter, /. Biol. Chem., 88 , 731 (1929). 

and Macfarlane, Biochem. J., 80, 1264 (1926). 

Trazl, Monatah., 89 , 59 (1908). 

Kutscher, Z. physiol. Ch^m.^ 38 , 413 (1901). 

B6nech and Kutscher, ibid., 38 , 278 (1901). 

*•0 Lossen, Ann., 801 , 369 (1880) ; Otori, Z. physiol. Chem., 43 , 86 (1904) ; Kutscher 
and Sohenck, Ber., 38 , 455 (1905). 

Kosael and Kennaway, Z. physiol. Chem., 78 , 486 (1911). 

Bergmann, Zervas, and Rinke, ibid., 884 , 40 (1934). 

Meyerhof and Lohmann, Biochem. Z., 196 , 22, 49 (1928) : Biesser and Hansen 
Z. physiol. Chem., 819 , 62 (1933). 

Gulewitsoh. ibid., 87 , 178 (1899). 
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di-jS-naphthalenesulfonyl derivative”® only one acyl group could be 
introduced. On treatment with baizenesulfonyl chloride in presence of 
potassium carbonate, arginine forms the a-monobenzenesulfonyl deriva- 
tive, but a second benzenesulfonyl group may be introduced by the use 
of concentrated sodium hydroxide in excess.*” 

With acetic anhydride in the cold, arginine yields a monoacetyl deriv- 
ative, which has become racemized under the combined influence of the 
excess of anhydride and the strongly polar guanidino group (c/. p. 1094). 
Boiling acetic anhydride leads to the production of a triaoetyl anhydro- 
arginine,*” which on treatment with water breaks down into diacetylurea 
and i3-acetamino-a-piperidone. 


NH-(CH,)r-CH-NHj NH-(CH,)r-CH-NHAc 

i=NH iojH (1 j=NH <!x)ai 


NH, 

CHr-CHr-CHa-CH-NHAc 

io 


<U: 


:NAc 


NH, 


H,0 CH,-CH2-CHr<3H-NHAc 

CO(NHAc), + 1 I 

NH- CO 


I^HAc 


The piperidone derivative, when boiled with acids, readily undergoes 
hydrolysis to ornithine. The triacetyl anhydroarginine reacts not only 
with water, but with amines, which are thereby converted into deriva- 
tives of guanidine. 

When the methyl ester of arginine is liberated from its hydrochloride, 
it undergoes auto-condensation,®®® yielding ornithine ester and an an- 
hydride of a,5-di^anidinovaleric acid®®® containing a glycocyamidine 
group. The reaction, which is analogous to that involved in the synthe- 
sis of glycocyamidine from guanidine and glycine ester (p. 1111), is ex- 
plained as consisting in the condensation of the ester group of one 
molecule with the guanidino group of another, followed immediately by 
disproportionate cleavage. 

2NH2-C(=NH)-NH-(CH2)*-CH(NHa)-CO,CHa 

NH£-C(=NH)NH(CH2),CH(NH2)-C-NH-C(=NH)NH(CH2),CH(NH,)-C0K:JH, 


NH2-C(==NH)-NH-{CH2)rC5H- 




-CO 


m-C(=NH)-NH 
RiesBer, ibid., 49, 210 (1006). 

**• aarke and OiUespie, J. Am. Chan. Soe., 04 , 1064 (1032). 

Bergmann and Koster, Z. physiol. Chem,^ 169, 179 (1926), 
MS Fischer and Suzuki, Ber., 88, 4173 (1905). 

Zervas and Bergmann, Ber., 81, 1195 (1928). 


+NHa-(CHa)rCH(NH2)-C02CH5 
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Natural Z(+)-arginine has the same configuration as the other natural 
amino adds.^^ The levorotatory variety is not attacked by arginase and 
may therefore conveniently be prepared by the action of liver press-juice 
upon dZ-arginine.®®® On the other hand, arginase readily hydrolyses 7- 
guanidinobutyric acid to 7-aininobutyric acid and urea, but is without 
action on e-guanidinocaproic acid.®^® The kinetics of arginase action is 
imperfectly understood, for although hydrolysis is partiaUy inhibited by 
ornithine, addition of the other end product, urea, is without effect.®^^ 

Ornithine does not appear to be a constituent of proteins. However, 
its dibenzoyl derivative, omithuric acid, occurs in the excreta of birds 
receiving benzoic acid in their diet.®^ Hippuric acid, the principal foito 
in which benzoic acid is eliminated by mammals, is not produced by 
chickens under these conditions, even when glycine is administered simuli 
taneously.®^® Similarly, the difuroyl derivative of ornithine is excreted\ 
by chickens receiving furfural, which gives rise to furoylglycine in rabbits ' 
and dogs.®*^^ 

On alkaline hydrolysis, omithuric acid loses the terminal benzoyl 
group. The Z-a-monobenzoylomithine so prepared from natural argi- 
nine, on successive treatment with nitrous acid and hot hydriodic acid, is 
converted into Z-proline.®®^ 


CHsNH-C(=NH)-NH, 

CH 2 NH 2 

j 

CH*-NHC 0 C 6 Hs 

1 

1 

CH, 

CH 2 

CH* 


1 

CH* 

1 

CH 2 

j 

CH* 

1 

-> 

1 

H— C— NH* 

1 

H — C — ^NH2 

H— C— NHCOC.H6 

1 

j 

CO*H 

j 

CO 2 H 

CO*H 


CH,NH, 

CH 2 OH 

CH*-n 


j 

CH* 

1 

CHa 

1 

CH* 


1 

CH* 

j 

CH 2 

1 

1 

-» CH* 

1 


j 

H— O-NHCOCsH* 

H— C— NHCOCeHs H— C 1 

1 i 

m 

j 

CO*H 

C0*H 

C0*H 



Tlumkas, Z. phyaiol. Chem., 88, 466 (1913). 

>» Oknm. ibid., lU, 236 (1921). 

Ber., 10 , 1926 (1877) ; EUinger, Z. phvtiol. Chem., 89 , 334 (1900). 
Yodsikawa, ibid., 88, 79 (1910). 

*» Jaff6 and Ck>hn, Ber., 80 , 2311 (1887) ; 81 , 3461 (1888). 
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This series of reactions confirms the configurational identity of natural 
arginine, ornithine, and proline. 

Ornithine has been synthesized by several general methods already 
discussed. The rather unstable free base has recently been obtained in a 
crystalline condition.”* Its properties closely resemble those of l3rsine, 
but the picrate is more soluble in water.*” It is converted into ai^inine 
by the addition of cyanamide.*” The methyl ester, when liberated from 
its hydrochloride, undergoes autocondensation, not to a diketopiperazine 
but to jS-amino-a-piperidone,*” 

CHjr-CH(NHs)-COisCH, CH*-CH(NH,)-CO 

I I I 

CH*-CH*-NH, CH* CH* NH 

from which ornithine is regenerated on heating with hydrochloric acid. 
dJ-CitruUine, isolated from watermelon juice in 1914 by Koga and 
Odake,*” was recognized as ae-amino-5-carbamidovaleric acid by Wada,*® 
who confirmed its constitution by synthesis. It has been isolated from a 
tiyptic digest of casein,*” and is readily formed,*** as the sparingly soluble 
copper salt, by heating ornithine copper sulfate with aqueous urea: 

NHiiCONH* + NH*(CHi)8CH(NHj)CO!!H 

NH*C0NH(CH*)8CH(NH2)C02H + NH, 

The hydrolysis of arg^ne to citrulline is conveniently accomplished *** 
by boiling with an equimolar quantity of alkali in 2.8 N splution. Com- 
plete loss of optical activity occurs during the process. 

The relationship between arginine, ornithine, and citrulline is of 
extreme importance in the production of luea in the living body. Krebs 
and Henseleit *** have shown that the synthesis of urea, in the presence 
of intact liver tissue, from ammonia and the carbon dioxide resulting 
from the biochemical oxidation of glucose, lactic add, or pyruvic add, 
is markedly accelerated by the addition of any one of the above three 

»” Vickery and Cook, J. BM. Chem., 94 , 393 (1931). 

KoBsel and Weiss, Z. physiol, Chem., 68, 160 (1910). 

•"Schulze and Winterstexn, Ber., 38 , 3191 (1899); Z. physiol. Chem., 84 , 128 (1901) 
•" Fischer and Zempi^n, Ber., 48 , 4878 (1909). 

•" Koga and Odake, J. Chem. Soc. Japan, 35, 619 (1914). 

Wada, Biochem. Z., 884 , 420 (1930). 

Wada, Und., 867. 1 (1933). 

Kurtz, J. Biol. Chem., 188 , 477 (1938). 

“• Fox, ifnd., 183 , 687 (1938). {y,: ^ 

Krebs and Henseleit, Z. physiol, Chem., 810, 33 (1932). 
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amino acids. The process may be schematically expressed as follows. 


CO2 + NHs + Ornithine — > CitruUine 

NHs + CitruUine Arginine + H2O 

Arginine — ^ Ornithine + CO(NH2)2 

The first and second reactions take place through the influence of some 
enzyme present in surviving liver tissue, for no urea synthesis occurs if 
the tissue is crushed; the third reaction is, of course, brought about 
arginase. \ 

The administration to a mouse of ornithine containing deuterium m 
the carbon chain results in its conversion to arginine, for much of th^ 
deuterium reappears in the arginine obtained by hydrolysis of the pro*\ 
teins of the animal.^®® At the same time some degradation of the omiA 
thine occurs, as deuterium is also foimd in the glutamic acid and proline 
of the proteins.®®® The glutamic acid is no doubt formed by oxidation of 
the terminal aminomethyl group to carboxyl; the formation of proline 
is plausibly explainable by the following series of biochemical reactions: 


CHirNH, 

CHirNH, 

CH,- 

CH,-i 

1 

CH, 

1 

(DH, 

1 

(DH, 

1 

CH, 

1 

CH, 

1 

CH, 

1 

j 

CH, 

1 

CH, 

H-C-NH, 

1 

CO 

1 

C N 

j 

H-C NH 

1 

CO,H 

1 

CO,H 

j 

COiiH 

j 

CO,H 


In octopine, a constituent of muscle of scallops and other marine 
invertebrates, a molecule of arginine and one of alanine share a single 
a-imino nitrogen atom.®*^’ ®®® 


NHCH 2 CH 2 CH 2 CHCO 2 H 

j I 

C==NH NH 

I I 

NH, CH,CHCO,H 

It has been synthesized from 2 -a-bromopropionic acid and ^arginine; 
mixtures of diastereoisomers have been obtained from ethyl dl-o-bromo* 

*** Glutton, Sdioenbeimer, and Bittenberg, J. Biol. Chem., ISZ, 227 (1940). 

"* Roloff, Batner, and Schoenhomer, ibid., 1S6, 661 (1940). 

Akaai, J. Bioehem. (Japan), SS, 261, 281, 291 (1937) ; 26, 129 (1937). 

*» Mook and Wilson, J. Biol. Chem., lU, 673 (1937). 
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propionate and 2-arginine methyl ester **• and by the catalytic hydro- 
genation of a mixture of 2-arginine and pjrruvic acid. 

R CH, R CHs R CH* 

i I II II 

HO-NH2 + CO HONH-COH HC-NH-CH 

I I II II 

CO2H CO2H CO2H CO2H CO2H CO2H 

The enzyme urease, which promotes the hydrolysis of urea and is 
widely employed for its estimation and, indirectly, that of arginine 
(p. 1142 ), is usually secured from jack bean meal. Aqueous-alcoholic 
extracts of this bean contain a basic amino acid, canavanine, C5H12O3N4, 
which, like arginine, yields half of its nitrogen as urea on treatment with 
liver extract. This amino acid responds to the ninhydrin test (p. 1099 ) 
and gives up only one of its nitrogen atoms to nitrous acid in the Van 
Slyke procedure; it is therefore an a-amino acid. It is more stable than 
arginine towards barium hydroxide, forms a tribenzoyl derivative, yields • 
no guanidine on oxidation with barium permanganate, and responds to 
neither the Sakaguchi (p. 1142 ) nor the biacetyl (p. 1142 ) test. It gives a 
characteristic red color with a solution of sodium nitroprusside which has 
been autoxidizcd by exposure to air and light. 

Canaline, C4H10O3N2, formed together with urea by the action of an 
enzyme (canavanase) present in liver extract, contains one a-amino 
group and one nitrogen atom which does not react with nitrous acid. 
It forms a dibenzoyl derivative. It gives a red color with alkaline picrate 
(JafI 4 test, p. 1 1 14 ) but none with autoxidized nitroprusside. On catalytic 
reduction it is converted into ammonia and a-amino-7-hydroxybutyric 
acid; this points to the constitution: 

NH20-CHirCHirCH(NH2)-C02H 

The reduction of the oxygen-nitrogen bond is analogous to that brought 
about by hydriodic acid with a-benzylhydroxylamine.^®^ Canavanine 
and dibenzoylcanaline do not respond to catalytic hydrogenation. On 
the other hand, by the action of hydrobromic acid canavanine yields a- 
amino-7-bromobutyric acid and guanidine.*®* 

HBr 

NHr‘C(=-NH)-NH-O-€H2-CHjr-CH(NH2)-C02H > 

NH2C(-=NH)-NH2 + Br-CHjr-CH2-CH(NH2)~C02H 

“• Irvin and Wilson, ibid., 127, 655 (1939). 

Knoop and Martins. Z. physiol. Chem., 258. 238 (1939). 

Kitagawa and collaborators. J. Biochem. {Japan), 11 , 265 (1929) ; 16, 339 (1932); 
18. 333 (1933) ; 28, 181 ; 24. 407 (1936) ; [C. A., 28. 2678 (1934) ; 29. 7280 (1935)]. 

Fischer and Blumenthal. Ber., 40. 106 (1907) ; Sorensen and Andersen. Z. physiol 
Chem., 66. 250 (1908). 

«•» Meyer. Ber., 16, 167 (1883). 

GuUand and Morris. J. Chem. Soc., 763 (1935). 
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Canaline has been regenerated from a-ainino-7-hydroxybutyric acid by 
condensing the 7-iodo-a-benzoylamino acid with benzhydroxamic acid. 

HCl 

H0-CHr-CHjr-CH(NH2)-C02H -4 H0-CH2-CHr-CH(NHC0C6Hfi)-C02H > 

CHr-CHHUH-NHCOC^Hs hi 

^ > I-CH2-CH2-CH(NHC0CeH6)-C02H 

Cai.CO-NHO-CHi-CHr<;H(NHCOCait)-COjH 

nh,o-chh::ii2-ch(nh,)-co^[ 


The reconversion of canaline into canavanine has been effected by tj|fe 
use of methylisourea. 

CeHfiCOa 

NH,0-(CH2)2-CH(NH2)-C02H — > 


C«H*C0NH0-(CH2)2-CH(NHC0C«H*)-C02H 

NH20-(CH2)2-CH(NHC0C6H6)“C02lI 


HCl 


\ 


NH 2 -C(=NH)- 0 CH 8 


HCl 


NH2-C(=NH)-NH0-(CH2)2-CH(NHC0CJl6)-C02H 

NHir<:J(==NH)--NH0-(CH2)r-CH(NHa)-C02H 


As is to be expected of an 0 -ether of hydroxylamine, canaline can 
form condensation products with aldehydes. An ethylidene derivative, 
which can be prepared from canaline and acetaldehyde, has been isolated 
from the products of the digestion of canavanine with liver extract. 

Canavanine appears to be the first derivative of hydroxyguanidine to 
have been studied since that substance was originally synthesized.®®*^ 
Its titration curve ®®® indicates, by reference to corresponding data for 
other compounds,®®’ that the guanidoxyl (NH2C(™NH)NHC) — ) group, 
in contrast to the guanidine group, is a weaker base than ammonia. The 
aminoxyl (NH2O — ) group, present in canaline, is even more weakly basic 
than the amino group of aniline or the imidazole of histidine. 

When boiled in neutral solution, canavanine loses ammonia with 
formation of desaminocanavanine.®®® 


O-CHr-CHas^ 

NH-0~NH- 

11 

im 


^H-C02H 


•*• PriUoiiuB-Seidlw, J. prdkt. Chem., [2] tl, 129 (1880). 
••• Tomijrama, J. Biol. Chem., lU, 46 (1936). 

Boiek and Clarke, t&ul., US, 479 (1938). 

*** Taukamoto, J. Biochem. (Japan), 16, 3^ (1937). 
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From a study of analogous compoimds, it appears that the color with 
autoxidized nitroprusside is characteristic of the guanidoxyl, that with 
picrate of the aminoxyl, group. 

Z(+)-Histidme 9 an almost universal constituent of proteins, is dex- 
trorotatory in acid solution, but levorotatory in water and in alkali. It 
was discovered simultaneously by Kossel in the fraction precipitated 
by mercuric chloride from the hydrolysate of a protamine of fish roe, 
and by Hedin ^ in the salt C 6 H 702 N 2 Ag 2 • H 2 O precipitated from protein 
hydrolysates on adding silver nitrate and alkali. Both processes have 
subsequently been developed into convenient preparative methods; the 
former is applicable when only histidine is desired,"^ the latter when the 
preparation of all the “hexone bases’’ is necessary.^ Mercuric sulfate in 
5 per cent sulfuric acid (Hopkins’s reagent) has been recommended ^ 
for the estimation of histidine in small samples of protein. 

Nitranilic acid, which forms a very sparingly soluble salt 

C602(0H)2(N02)2 • C 6 H 9 O 2 N 2 

with histidine,^^® has also been proposed as an analytical precipitant. 

For preparative purposes, histidine is conveniently obtained from 
blood corpuscle paste by acid hydrolysis and precipitation of histidine 
with mercuric chloride.^ 

The imidazole (glyoxaline) group in histidine is a relatively weak 
base; the dihydrochloride, when di^olved in water, hydrolyzes to the 
monohydrochloride,®^ and the free amino acid, unlike lysine and argin- 
ine, is extracted by butyl alcohol from aqueous solution at pH 7,** to- 
gether with the monoamino monocarboxylic acids. Histidine forms 
well-defined salts with one and with two molecules of picrolonic acid; ^ 
the diflavianate is sparingly soluble and of use for isolation, but the 
monoflavianate is difficult to prepare; ^ it also forms a sparingly soluble 
Reineckate ^ which crystallizes out with those of proline and hydroxy- 
proline (pp. 1118, 1125). It is precipitated from acid solution by phos- 
photungstic acid but tends to redissolve in excess of the precipitant.®"* 

»•» Kossel, 2. physiol Chem,, 22 , 176 (1896). 

Hedin, ibid., 22 , 191 (1896), 

Hanke and Koessler, J, Biol Chem.t 43, 621 (1920). 

Vickery and Leavenworth, ibid., 78, 627 (1928). 

Rosedale and da Silva, Biochem, J., 26 , 369 (1932). 

*0* Block, J. Biol Chern,, 133, 67 (1940). 

Foster and Shemin, “Organic Syntheses,” John Wiley & Sons, New York (1938) 
Vol. 18, p. 43. 

Abderhalden and Finbeck, 2. physiol Chem,y 62 , 322 (1909). 

Brigl, ibid,, 64 , 337 (1910). 

Vickery, J. Biol Chern,, 71, 303 (1926). 

Kapfhammer and Spdrer, 2. physiol Chsm,, 173, 245 (1928). 

®«Frankel, Monatah., 24 , 229 (1903). 
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The constitution of histidine was established by Pauly,*** whose dis- 
covery that it yields an azo color with diazobenzenesulfonic acid forms 
the basis of a widely employed method for its colorimetric estimation."* 
The imidazole nucleus accepts either one "* or two azo groups. The 
chief interfering substance in a protein hydrolysate is tyrosine; the abil- 
ity of this to couple can be inhibited by benzoylation, which under 
suitable conditions is without effect on the Pauly reaction for histidine."* 
Histidine also survives treatment with nitric acid, which nitrates tyrosine 
and so prevents it from coupling; *** this procedure, however, suffers frem 
the disadvantage of introducing a yellow color into the mixture to ^ 
tested. The most satisfactory procedure is to apply the Pauly 
to a fraction previously precipitated by phosphotungstic acid or 
silver. 

A red color is formed on adding bromine water to a solution of his^ 
tidine and changes to purple on addition of ammonia. This color reac- 
tion has been developed for the quantitative estimation of histidine, for 
which it appears to be specific.**® A transient red-violet color is devel- 
oped on treating histidine with hydrogen peroxide in the presence of a 
ferrous salt,*** presumably with the intermediate formation of j8-imid- 
azoleacetaldehyde. 

Histidine has been synthesized "* from the sodium derivative of • 
ethyl chloromalonate and 4-chloromethylimidazole, prepared from 
o, 7 -diaminoacetone. 



CHirC 02 H CH==NOH CH2NH2 

' HNOi SnCIs KSCN 


CO 

i 

CH2-CO2H 


4 CO 
CH=NOH 


4 CO 

I 

CH2NH2 


CH— 

II yOSH jjNOj 

» C— NR/ 4 

I 

CH2NH2 


CH— 

II >H 

C— NH/ 

I 

CH2NH2 


CH— 

II >CH 
0— NH/ 

I 

CHjOH 


CH— N,. 

II >CH 
C— NH/ 

I 

CH2CI 


Jorpes, Bioehem. J., 26, 1S07 (1932). 

Wallachf Rung, and Behrend, Ann., 271, 28 (1892). 

Pauly. Z. physiol. Chem., 24, 284 (1915). 

Inouye. ibid., 83, 79 (1913). 

Brunswik, ibid., 127, 268 (1923). 

Knoop, Beitr. chem. Physiol, Path,, 11, 356 (1908) ; Kapeller-Adler, Bioehem Z, 
264, 131 (1933). 

Kikkoji and Neuberg, Biochom. Z., 20, 523 (1909). 

4W Pyman. J. Chem. Soc., 99, 668, 1386 (1911) ; 109, 186 (1916). 
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CH— 

II >H 

C— NH/ + NaCCUCOaEt)* 

cH2a 

CH— 

II >CH 
C— NH/ 

I 

CHirCHCl-COaH 


G— NH^ 

I 

CHs-CCKCOjEt)* 
CH— N. 

CH 

O— NH'' 

I 

CH2-CH(NH2)-C02H 


The racemic histidine was resolved by crystallizing the d-tartrate. It 
has also been ssmthesized by the Erlenmeyer process from imidazolealde- 
hyde and hippuric acid. 

Two of the miclear hydrogen atoms of histidine are replaceable by 
iodine, when the a-amino group is previously protected by benzoyla- 
tion.*“ 

The a -monobenzoyl derivative is formed with one molecular pro- 
portion of benzoyl chloride in presence of benzene and the minimally 
practicable amount of aqueous alkali; a benzoyl group can be introduced 
into the imidazole nucleus ^ by treating the methyl ester of a-benzoyl- 
histidine in benzene solution with a semi-molecular proportion of benzoyl 
chloride. 


CH— N. 


V 


2C N<^ 


5CH 


•H 


+ CeHsCOa 


CHrC!H(NHCOC»H6)-COiCH, 


— N<r 

^COCsHi 

CH2-CH(NHC0C»Hi)-C02CH, 


CH— 

^HHCl 
+ C-NH/ 


CHr<!H(NHC0C(H2)-C02CHs 


An interesting property of such esters of diacyl histidines is their ability 
to transfer the nuclear acyl group to amino acids or esters and pre- 
sumably to other amines. For example, hippuryl chloride reacts witli 

«• Pauly, Ber.. 48, 2243 (1910). 

^0 Gerngross, Z, physiol, Chem,, 108, 50 (1919). 

431 Bergmann and Zervas, ibid,, 175, 145 (1928). 
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o-benzoylbistidine metiiyl ester to form a product which witih glydne 
yields o-benzoylhistiidine ester and hippuryl^ycine. 


N-OH— N-CO-CHj-NHCOC.H* 

I I + NHj-CHj-COjH ■ 

CH======(>CHrCH(NHCOC«Hj)-COjCH, 

N=CH-NH NHCOCdHs 

+ CeHsCONH-CHs-CO-NH-CHi-COjH 

-CHipCH-COsCHs 

i 

When histidine methyl ester is treated with benzoyl chloride in the 
presence of aqueous sodium carbonate, the imidazole ring is opened.^ \ 

N=CH-NH NH* CeHsCONH NHCOCJle NHCOC,fl:5 

CH==C-CHr€H-COsCH, CH^O-CH* in-COsCHs \ 


The product on treatment with methyl-alcoholic hydrogen chloride is 
converted to the methyl ester of y-keto-omithuric acid.^* 

C6HiC0NH-CH2-C0-CH2-CH(NHC0CJls)-C02CHs 


On treatment with ozone, followed by partial hydrolysis, the tribenzoyl 
compound prepared from natural histidine is converted into the benzoyl' 
derivative of natural l(— )-aspartic acid.®* 


CH-NHC0C*H5 

II 

G-NHCOCaH* 

I 

CH, 

H-C— NHCOC.H5 


03 


CO 2 CH, 


COiiH 

I 

CH* 

I 

H— O— NHCOC»Hj 

I 

COsH 


Histidine of protein origin therefore possesses the same configuration as 
the other natural amino acids, as is also indicated by pH-dependence 
curves.” 

On treatm^t with nitrous acid, histidine yields /3-imidazolelactic 
add, which is reduced by phosphorus with hydriodic add to j9-imidazole- 
propionic add,®* identical with that prepared from jJ-glyoxylpropionio 
add with formaldehyde and ammonia. 

Koasdl and Edlbadier. Hrid., «S, 396 (1916). 

^ Langenbeek and Hutschenreuter, ibid,, 182 , 305 (1920). 

Langenbeek, Ber., 58 . 227 (1925). 

^ Knoop and Windans, Beiir, chem, Phy9%ol, Path,, 7, 144 (1906). 
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CHO 

io 

(Ijh, 

inr-COiH 


+ 2NH, + CHrf) • 


CH— N^ 

I!;— NH^* 

^H, 

iHj-COOI 


CH— N^ 

in, 

<!:hoh-<X),h 


CH— N* 

Ij— NH-' 

in* 

<!3H(NH,)-COai 


jS-Imidazolelactic acid, on oxidation by nitric acid followed by hydrogen 
peroxide, is successively converted into imidazoleglyoxylic acid and 
imidazolecarboxylic acid ,^26 series of reactions which served to con- 
firm the assignment of the primary amino group to the a position. 

Histidine is converted into j3-imidazolelactic acid by some bacteria; 
others, particularly certain of the B. coli group, cause decarboxylation 
to histamine, a conversion which seems also to be brought about by 
ultra-violet light. A fungus, Oidium tactis, brings about reductive deami- 
nation to jS-imidazolepropionic acid,^ and certain microorganisms (e.g., 
B, paratyphosus B) effect deamination without reduction to urocanic 
acid.^^ This last product, identified by Hunter ^ as jS-imidazoleacrylic 
acid, is a form in which orally administered histidine is eliminated by 
dogs.^^ However, since less than half of the histidine can be recovered 
from the urine as imidazole derivatives, some profound decomposition 
must take place in the body. A reaction of this t 3 rpe is brought about by 
an enzyme, histidase, present in the liver. Under its influence 2-histidine 
breaks down into 2(+)-glutamic acid and two moles of ammonia,^ a 
hydrolytic converse of the classical sjmthesis of imidazoles from glyoxals, 
formaldehyde, and ammonia. Indirect evidence points to the intermedi- 
ate formation of a formylated glutamine. 


CH— CO-NH-CHO CO2H 

II yen I I 

C— NH/ CHs CH* 

I I I 

CHr€H(NHs)-COjH CH!rCH(NH*)-CO*H CHrOH(NH,)-COjH 


Histidine cannot be synthesized in the mammalian body from simpler 
compounds, but is apparently so produced from /3-imidazolelactic acid 
and imidazolepyruvic acid, which stimulate growth on diets defident in 

"• Knoop, ibid.. 10, 111 (1907). 

<*’'Hanke and Koeasler, J, Biol. Chem., 50, 131 (1922); Him, Biaekem. Z., SOT, 1 
(1933). 

^ Kiyokawa, Z. phynbl. Chem., S14, 38 (1933). 

Raistriok, Biochem. J., 11, 71 (1917). 

4w Hunter, J. Biol. Chem., 11, 637 (1912). 

Kotake and Konishi, Z. phynbl. Chem., ISS, 230 (1922). 

•** Abderhalden and Buadxe, tbid., SOO, 87 (1931). 
m Edlbacher and ooUaborators, ibid., 101, 225 (1930) ; SM, 261 (1034}. 
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histidine but otherwise adequate.'*®^ Urocanic acid, on the other hand, 
is ahnost without eflFect on growth. 

Histamine, the decarboxylation product of histidine, is of great physi- 
ological interest, on account of its powerful vasodilator action. It is 
present in lung, liver, muscle, and blood.^ Lung and kidney contain a 
highly specific enzyme, histaminase, which breaks down histamine,^®® 
much as histidase disrupts Z-histidine. Histamine has been synthesized 
by reduction of imidazoleacetonitrile and from a-aminobutyrolac- 
tone ®®® by the following steps: ^®^ 


CH2-CH2-CHNH2 

I I 


o- 


-co 


NaH, CH*^HrCH-NH, 

> I 1 > 

0 CHOH 


HOCHirCHirC-NHv „vn HOCHj-CHirC-NHv \ 

II V:-sH II Vh ' 


a-CHz-CHz-C-NHv „„ NH2-CH2-CH2-C-NHV 

II >CH II >CH 


On treatment with benzoyl chloride and alkali the imidazole ring is( 
opened, as in the case of histidine methyl ester; the product, on heating 
with acid anhydrides and hydrolyzing, yields physiologically inactive 
2-alkyl homologs of histamine.*®® 


CH-NHCOCeHfi 

II 

C-NHCOC,ffs 

I 

CH*-CH2NHC0C«H6 


CH— K 


V 


(RC0).0 II 


* C— NH^ 

I 

CH2-CH2NHCOR 


CH— 

II >CR 

C— NR/ 


CHj-CHaNHj 


Although 2-thiolhisti(lme has never been isolated from natural 
sources, certain proteins, notably zein, give a positive color reaction for 
thiolimidazoles.'*** Thiolhistidine has been synthesized by the action 
of thiocyanate upon y-ketodmithine, prepared either from histidine (qf. 
p. 1164), or from aspartic acid.^ 

*** Harrow and Sherwin, J, Biol. Chem., 70, 683 (1926). 

Best* Dale, Dudley, and Thorpe, J. Physiol., 62, 397 (1926) ; Thorpe, Biochem. J., 
22, 94 (1928) ; Barsoum and Gaddum, J. Physiol., 85, 1 (1935). 

^ McHenry and Gavin, Biochem. J., 26, 1365 (1932). 

**^Garforth and Pyman, J. Chem. Soc., 489 (1935). 

*** van der Merwe, Z. physiol. Chem., 177, 301 (1928). 

Eagles and Vars, J. Biol. Chem., 80, 615 (1928). 

^Ashley and Harington, J. Chem. Soc., 2586 (1930) ; Harington and Overhoff, Biochem, 
jr., 27, 338 (1933). 
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CH*-C02H CHs-COsH 


CH-NH* 

I 

CO 2 H 


(CH,CO)jO I 


> CH-N^ 

I y>€Et 
OC — (y 


CH*-coa 



CHtNi-.EtOH 
> 


CH*-CO-CHsCl 

I 

CH-NH-COCH, 

I 

002£)t 


CH-NH-COCH* 


Ha 


C02Ht 


CH-N<^ 


CH*-CO-CHr-NH* C-NH- 

I NaSCN I 

> CH* 


J^C-SI 


CHNH* 

I 

CO*H 


CHNH* 

I 

COsH 


Ergothioneine, the trimethylbetaine of thiolhistidine, is present in ergot 
and in blood. Attempts to synthesize it by methylating thiolhistidine 
have failed, owing to the breakdown of the methylated product into 
trimethylamine and an unsaturated acid. In the same way, histidine 
trimethylbetaine, formed by oxidizing ergothioneine, breaks down on 
treatment with alkali into trimethylamine and urocanic acid. 


CH-Nv^ 

II ^C-SH 

O-NH-^ 

CH-N^ 

II >H 

C-NH/ 

CH-N^ 

II >H 

C-NH/ 

OH. 

CH. 

-h Me*N 

I 

CHN+Me» 

1 

CHN+Me, 

CH 

1 

1 

COj- 

I 

CO,- 

CO,H 


Beef muscle contains a water-soluble base called camosine which, 
like histidine, is precipitated by mercuric sulfate and from alkaline 
solution by silver nitrate, and yields an azo color with diazobenzenesul- 
fonic acid; it gives no color, however, with bromine,*® and its Reineckate 
is less soluble than that of histidine.®* On alkaline hydrolysis it yields 

Barger and Ewins* J. Chem. jSoc,, 99 , 2336 (1911). 

*** Gulewitsch and Axniradzibi, Z. physiol, Chem.f 30, 666 (1960). 

Hunter, Biochem, J„ 16. 640 (1922). 

*** Smorodintzev, Biochem, Z., 22S. 426 (1930). 
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^histidine, *** and its phenylureide on boiling with adds brealcs down into 
histidine and the phenylureide of /S-aminopropionic acid.^ Camosine is 
therefore /3-aminopropionylhistidine. 

NHirCHa-CHy-CO-NH-CH-CHrC ; -t-t CH 

I I I 

COjH NH-CH=N 

Synthetically it has been obtained, in poor yields, by the action of am- 
monia upon jS-iodopropionylhistidine and by reduction of jS-nitropro- 
pionylhistidine.'*^® A practical synthesis has recently been developedl: 
iS-aminopropionic acid is condensed with benzyl chlorocarbonate; \the 
resulting carbobenzoxy-/8-alanine is converted successively into its chlo- 
ride, methyl ester, hydrazide, and azide (qf.p. 1107); this is coupled w^th 
histidine methyl ester, and, after hydrolysis, the carbobenzoxy group^is 
removed with palladium and hydrogen. 

A methyl homolog of camosine, called anserine,^ occurs, together 
with camosine, in the skeletal muscles of various mammals, fish, rep- 
tiles, and birds.^®^ It is not precipitated by silver and does not couple 
with diazo compounds, but is thrown down by mercuric sulfate. On 
hydrolysis it yields jS-alanine and a methylhistidine; on heating with 
soda-lime it yields 1,5-dimethylimidazole,^ 

chh>=ch-n 

I II 

NfCHaKIH 

a reaction which establishes the position of the nuclear methyl group. 
In other respects it closely resembles camosine, and its properties are in 
full accord with the structure: 

I I II 

COjH N(CH,)-CH 

which has been confirmed by a synthesis analogous to that ^ of car- 
nosiue. 

Oulewitsch, Z. physiol. Chem., 50, 535 (1007). 

Abderhalden and Geidel, PermerUforschunQt 12, 518 (1031). 

Baumann and Ingvaldsen, J. Biol. Ckem., 80, 203 (1018). 

441 Barger and Tutin, Bwchem. J., 12, 402 (1018). 

^ Sififerd and du Vigneaud, J. Biol. Chem., 108, 753 (1035). 

^ Ackermann, Timpe, and Poller, Z. physiol. Chem., 188, 1 (1020). 

Wolflf and Wilson, J. Biol. Chem., 109, 665 (1035). 

^ linneweli and collaborators, Z. pihysiol. Chem., 188, 11 (1020) ; 189, 80 (1030). 
KeU, ibid., 187, 1 (1030). 

^ Behrens and du Vigneaud, J. Biol. Chem., 180, 517 (1037). 
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/(+)-Tiyptophan is dextrorotary in strongly acid and in alkaline 
solution, but highly levorotatory in water. It is a nearly general protdn 
constituent, but is absent, or nearly so, from gelatin, zein, and insulin. It 
does not appear among the products of acid hydrolysis of proteins, as it is 
converted by the action of mineral adds into humins, formed by conden- 
sation with aldehydes derived from the protein or substances, such as 
carbohydrates, associated with it.*® Tryptophan is also rapidly de- 
stroyed when proteins are hydrolyzed with boiling sodium hydroxide 
solution, but it is stable to bariiun hydroxide, which, however, brings 
about racemization. For the preparation of the natural, optically active 
product, it is customary to resort to enz 3 rmatic hydrolysis by means of 
trjrpsin — a slow procedure, which liberates less than half of the trypto- 
phan.** The precipitate, characteristic of tryptophan, which forms on 
addition of mercuric sulfate to the tryptic digest containing 5 per cent 
of free sulfuric add *^ contains peptides from which tryptophan is re- 
leased on fiurther tryptic digestion. Tryptophan is extracted by butyl 
alcohol from neutral solution; this fact has been usefully applied, for 
preparative purposes, to the fraction precipitated by mercury.** 

Natural Z(-)-)-tiyptophan possesses the same configuration as other 
amino adds.” The racemic variety has been synthesized by the Erlen- 
meyer procedure from 3-indolealdehyde and hippuric add.** 



CH=C-COiH CHr-CH-(30ai 

NnCXXJeH. Na.BtOH , ... 

Better yields are obtainable by condensing the aldehyde with hydantoin 
in presence of piperidine and heating the resulting indolalhydantoin with 
amm onium sulfide *® (c/. p. 1108). 

Ck>lored products are formed on treating tryptophan with aldehydes 
in presence of concentrated mineral acids. The violet color reaction 

** Burr «nd Qortner, J. Am. Chem. Soe., 46 , 1224 (1924). 

«• Onrfow, Bioehem. J., 15, 383, 392 (1931). 

Hopkins and Cols, J. Phywd.i 37, 418 (1902). 

“• Co* and “Organic Syntheses," John WUey A Sons, New York (1930), VoL 1ft 

p. 100. 

HUinger and Flamand, Z. phyuuH. Chem., 56 , 8 (1908). 

** Boyd and Robson, BioiAem. J ., 39 , 2256 (1935). 
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with glyoxylic add in sulfuric add, which aided Hopkins and Ck>le in 
the discoveiy of tryptophan, is rendered more certain and sensitive by 
the addition of a trace of copper."^ This probably acts as an oxygen 
carrier, for with other aldehydes the presence of oxidizing agents has 
been found necessary for the development of a blue color suitable 
for quantitative purposes. Special use has been made of vanillin,*® 
p-dimethylaminobenzaldehyde,*® and formaldehyde,*** with hydrogen 
peroxide and nitrous acid as oxidants. In the absence of oxidants, red 
to violet tints of indeterminate hue are formed. , 

It has been suggested *•* that the blue pigments produced from trjip- 
tophan with aldehydes and nitrous acid possess the structure : \ 


CHj-CHOH-COsH CH^-CHOH-COsH 



Like tyrosine, tryptophan yields a yellow color with nitric acid**® 
and a blue color with Folin’s phenol reagent.®’ Both these colorimetric 
tests have been applied quantitatively, as has the red color, extractable 
by amyl alcohol, produced with bromine water.**’ 

When i-tryptophan is administered to normal rabbits, it is partially 
eliminated as y-hydroxyquinoline-a-carboxylic (k 3 murenic) acid. This 
compound is also formed, though in lower yields, from indole-3-pyruvic 
acid.*** Rabbits on a diet of polished rice, which is deficient in thiamin 
(vitamin Bi), excrete not only kynurenic acid but also an amino acid, 
kynurenine, in which the pyrrole ring of tryptophan has ruptured.**® 

CHirCH(NH2)-COsH CH-CH(NH2)-COjH 



tTinUer, Z. phytM. Chem., SXS, 50 (1934). 

«»Ragi]i8, J. Biol. Chem., 80, 643 (1928). 

<•> Boyd, Biodiem. J., 33, 78 (1929). 

FUrth and collaborators, Biochem, Z., 109 , 103, 124 (1920). 
♦“Ghigi, Gcizz. chim, 63, 411 (1933). 

466 Tillmans, Hirsch, and Stoppel, Z., 198 , 379 (1928). 

^ Levene and RouUler, J. BioL Chem,, 9, 481 (1907). 

^•EUinger and Matsuoka, Z. physioL Chem,, 109 , 269 (1920). 
Kotake and collaborators, ibid., 190 , 139 (1931) ; 314 , 1 (1933). 
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These reactions take place only with i(+)-tryptophan, not with the un- 
natural d(— )-variety.*™ 

Kynurenine is stable to acids but is unstable in alkaline solution, 
yielding ammonia, carbon dioxide, o-aminoacetophenone, and kynurenic 
acid, apparently by way of o-aminobenzoylpjTUvic acid. 


NHr^JeH 


CO 2 H 

«4>=CH-CH(NH,)-C02H 


OH 


NH,-C.H«-CO-CHr-CO-CO,H 



<■ 


NHrCeHi-CO-CH, 

Kynurenine is also converted into kynurenic acid on administration to 
dogs, the reaction taking place in the liver. 

Similar conversions are brought about by certain microbrganisms; 
B. subtilis, for instance, forms k 3 Tiurenine, kynurenic acid, and anthranilic 
acid from tryptophan. Of other organisms, some (J5. colt) break down 
i-tryptophan into indole in the presence, and into indole-3-propionic acid 
in the absence, of air; some (B. aminophilm irde^inalis) effect decar- 
boxylation to /3-indoleethylamine; some {Proteus and Oidium lactis, 
respectively) bring about deamination to varieties of indolelactic acid 
having opposite configurations; some (yeast) cause both deamination 
and decarboxylation to tryptophol (/3-indoleethanol)."* 

In intestinal putrefaction, tryptophan is broken down into indole 
and 0-methylindole (skatole). These products partly diffuse into the 
blood stream, where they undergo further chemical alteration. Little is 
known about the fate of skatole; it is possibly oxidized at the side chain. 
Indole is oxidized to indoxyl, which is eliminated by the kidney as a sul- 
furic ester, indican. 

c,ji«-coso,- 
I II 

NH CH 

The presence in the urine of abnormally hu^ amounts of indoxylsul- 
furic acid, diagnostic of chronic constipation or intestinal obstruction, is 
indicated by the production of indigo on treatment with oxidizing 

CorreU, Berg, and Cowan, J. Bid. Chem., IZS, 161 (1938). 

Woods, Bioehem. J., S9, 640, 649 (1936). 

Berthelot and Bertrand, CompL rend,, 164, 1826 (1912). 

Sasaki and Otsuka, Bioehem, Z., 121, 167 (1921). 

Ehrlich, Bcr., 46, 883 (1912). 
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agents.^ Indicaa can be estimated colorimetrioally by treatment with 
triketobydrindene,*^* which yields a red condensation product. 

In living mammals, an appreciable part of the tryptophan taken in 
the normal diet is utilized for protein synthesis. Normal growth is im- 
possible on diets deficient in this essential amino acid, but can be induced 
by the addition, to such diets, of not only {-trsrptophan, but d>tryptoph^ 
or acetyl-f-tryptophan. The effect of a large number of derivatives tof 
tryptophan on growth and kynurenic acid production is summarized m 
the accompan3dng table. From the results it appears that the biochemi- 



Growth 

Kynurenic 

Acid 

Literature 


Stimulation 

Formation 

References 

i-Trsrptophan 

+ 

+ 


d-Tryptophan 



477, 478 

Acetyl-i-tryptophan 


db 

477, 478 

Acetyl-d-tryptophan 

— 

— 

477, 478 

Propionyl-i-tryptophan 

+ 

. . 

479 

Bensoyl-Hryptophan 

— 

. . 

480 

Phenacety 1-i-tryptophan 

— 

. . 

479 

i-Tryptophan esters 

+ 

. . 

479, 480 

i-Trjrptophan amides 

+ 


481 

(+)"Indolelactic acid 

+ 

+ 

469,482 

( — )-Indolelactic acid 

— 


469, 482 

Indolepyruvic acid 


+ 

468,469 

Indolepyruvic acid oxime 

— 

— 

482 

Indolepropionic acid 

— 

. . 

483 

Indoleacrylic acid 

— 

— 

482, 484 

Kynurenine 

— 

4* 

469, 485 


cal mechanisms respectively involved are different and independent. 
The behavior of the two forms of acetyltryptophan indicates that the 
body can hydrolyze the I variety specifically, but apparently at so slow a 

«» Salkowski, Z. pkymKA. Chem., 4S, 213 (1904). 

”* Kumon, ibid., S81, 206 (1936). 

du Vigneaud, Sealock, and Van Etten, J, Biol, Chem.t 98» 565 (1932). 

Berg, iWa., 104, 373 (1934). 

Beig and Hanson, Proc. Joimi Acad, SH,, 41, 165 (1934) [C. A., 29, 4049 (1935)]. 
Berg, J. Biol Chem,, 91, 513 (1931). 

Bauguess and Berg, ibid,, 106, 615 (1934). 

^ Bauguess and Berg, ibid,, 104, 675, 691 (1934). 

Jackson, ibid,, 84, 1 (1929). 

^Bauguess and Berg, Proc, Iowa Acad, Sci,, 40, 110 (1933) [C. A,, 29, 2579 (1935)] 
JadcBon and Jackson, J. Biol Chem,, 96, 697 (1932). 
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rate that very little of the resulting tryptophan is diverted from its major 
function — that of growth stimulation — ^to the production of kynurenic 
acid. On the other hand, hydrolysis of the amides ( — ^NH2, — NHEt, 
— ^NEt2, — ^NHCeHs, — ^NEtCeHs) of i-trjrptophan seems to be more 
rapidly accomplished, as all stimulate growth and produce kynurenic acid 
more fteely than acetyW-tryptophan, though not so readily as Wrjrpto- 
phan. The fact that indolepyruvic acid can also without undue difficulty 
fulfill both functions of tryptophan, whereas d-tryptophan yields little or 
no kynurenic acid, may likewise be regarded as indicating a relatively slow 
conversion of d-tryptophan into i-tryptophan through the pyruvic acid. 
However, interpretation of the data is complicated by the circumstance 
that the growth studies were carried out with diets devoid of tryptophan, 
which was not true of the experiments on the production of k3murenic 
acid. In the absence of an urgent demand for tryptophan it is conceiv- 
able that a related compound such as indolepyruvic acid may be metab- 
olized more extensively by oxidative degradation than by amination to 
I-tryptophan. 

The behavior of the two varieties of indolelactic acid is of interest: 
the body apparently possesses an enzyme capable of converting the dex- 
trorotatory, but not the levorotatory, variety into the keto acid, and it 
has been suggested ^ that the dextrorotatory form has the same con- 
figure' ‘ .X* as i-tryptophan, from which it is produced by Proteus but not 
by Oidium lactis. Finally, it is clear that, while kynurenine is an inter- 
mediate in the production of kynurenic acid, it cannot be biochemically 
converted into tryptophan. 

A study of three methyl derivatives of dJ-tryptophan, 



has shown ^ that the power to stimulate growth is not impaired by 
methylation of the a-nitrogen atom of tryptophan, but is completely 
inhibited by introduction of a methyl group into either nucleus of the 
indole structure. 

A methyltryptophan in which the pyrrole-nitrogen atom is methyl- 
ated has been synthesized ^ from indolealdehyde by methylation fol- 
lowed by the Erlenmeyer procedure, sodium lead alloy being employed 
for reduction of the azlactone. 

Gordon and Jackson, tbuL, 110, 151 (1035). 

^ Wieland, Kons, and Mittasch, Ann., OIS, 1 (1034). 
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CHO 

CHO 

1 

CH=0_N=CC6H6 

1 1 1 

1 

1 1 1 
/CU CO — 0 

C»H4<^^^H 

1 

H 

CH, 

CH* 

CHr-CH-NH* 



1 1 

/C^ COsH 
C*H4<(' 



1 

CH* 


The product is precipitable from acid solution by mercuric sulfate, but 
fails to give the characteristic color tests with glyoxylic acid and with 
p-dimethylaminobenzaldehyde. 

The trimethylbetaine of i-tryptophan, hypaphorine, has been isolated 
from the seeds of a Javanese tree.^ A closely related compound, bufo- 
tenine, 


Co 


|CH*-CHN+(CH,)* 


HO,^_ 


CO*- 




iCHs-CH*N(CH*)* 


Hypaphorine 


Bufotenine 


is present in the venomous secretion of the European toad.^ 
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INTRODUCTION 

The term alkaloid, meaning alkali-like, is applied to naturally occur- 
ring basic nitrogen compounds, and is, in general usage, limited to those 
of plant origin. Most of the alkaloids have the nitrogen atom linked 
in a cyclic structure, are optically active, and show marked physiolo^cal 
activity, although a few substances classified as alkaloids are excep- 
tional in respect to one or more of these characteristics. A variety of 
open-chain simple bases, as the cholines, amino acids, and phenylalkyl- 
amines, are distinguished from the true alkaloids, by some authorities, 
under the name vegetable bases. The distinction is somewhat arbitrary, 
and ephedrine, mescaline, and a few similar bases will be treated here as 
alkaloids. 

The nomenclature of the individual alkaloids has not been systemar 
tized, for historical reasons and because of the complexity of the struc- 
tures involved. A great many important alkaloids have received names 
derived from those of plants, as papaverine, hydrastine, berberine. A 
few are named from their physiological action, as morphine, narcotine, 
and emetine; several from their physical characteristics, as hygrine and 
porphyroxine; only one, pelletierine, has been named for an alkaloid 
chemist. The name of the principal alkaloid with a prefix or suflSx is 
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often applied to the minor alkaloids found in the same plant, as for 
example in the cinchona series; related bases are sometimes named by 
transpositions, as narcotine, cotamine, and tarconine. It is customary 
to designate isomeric new bases (often transformation products of the 
natural alkaloid) with such prefixes as iso, pseudo, allopseudo, neo, epi, 
or with Greek letters (see the codeine isomers and the methylmorphi- 
methines, p. 1222), or occasionally with a suflEixcd Roman letter. 

The alkaloids as a class are well-crystallized colorless compounds; 
a few, notably arecoline, sparteine, the hygrines, and most members, of 
the coniine and nicotine groups, are liquids. The liquid alkaloids are 
generally oxygen-free. Colored alkaloids are rare; berberine is yellow, 
and the salts of sanguinarine are copper-red. Nearly all alkaloids form 
crystalline salts, which are often utilized in isolating or purifjdng thp 
base; the acids usually employed are sulfuric, oxalic, perchloric, tar\ 
taric, salicylic, and the halogen acids. Most alkaloids react with alkyl 
halides, especially methyl iodide, to give crystalline addition products. 
Secondary amines give with methyl iodide the N-methylated hydriodide, 
tertiary amines give methiodides, which are of importance for degrada- 
tive reactions. The so-called alkaloid reagents are used for the detection 
and often for the identification of minute amounts of the natural bases 
or their derivatives, and can be divided roughly into precipitants and 
color reagents. The precipitating reagents combine with alkaloids to 
give almost insoluble addition products, and thus may serve to demon- 
strate the presence of alkaloidal material, even in very small quantities, 
in drugs or plant extracts. A few of the reagents, however, are known 
to form precipitates with non-alkaloidal classes (proteins and glucosides). 
The alkaloid chemist utilizes the precipitants as convenient reagents for 
the approximate estimation of the amount of alkaloid remaining in 
aqueous solution after filtration or extraction. The precipitates often 
have a definite, constant composition, and can be employed for analysis; 
they sometimes crystallize in characteristic forms on the microscope 
slide, and permit preliminary identification of the alkaloid. Among 
the more important precipitating reagents may be mentioned Mayer's 
(potassium mercuric iodide), Sonnenschein's (phosphomolybdic acid), 
Knorr’s (picrolonic acid), Hager’s (picric acid), Wagner’s (potassium 
triiodide), Dragendorff’s (potassium bismuth iodide), Scheibler’s (phos- 
photungstic acid), and Bertrand’s (silicotimgstic acid) ; further, chloro- 
platinic and chlorauric acids, which are adapted to anal 3 rtical use. In 
individual cases the precipitating reagents, especially picric acid, have 
been used to separate mixtures of alkaloids. 

The color reagents mostly consist of dehydrating or oxidizing agents, 
or combinations of these, to which aldehydes may also be added. The 
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alkaloidal residue obtained by evaporation of solutions in a porcelain 
dish is moistened with the reagent, and often wanned, and the color pro- 
duced is compared with that from known samples. In certain cases, as 
for example, Lautenschl&ger’s diazosulfanilic acid reagent for morphine, 
dilute solutions are employed, and the amount of alkaloid present can 
be determined with the colorimeter. The common color reagents are 
concentrated sulfiuic acid solutions of such substances as formalde- 
hyde (Marquis’ reagent), nitric acid (Erdmann’s), potassium dichromate 
(Luchini’s), potassiiun permanganate (Wenzell’s), or molybdic acid 
(FrShde’s). 

Alkaloids are found almost exclu sively in phanerogam s, the seed- 
bearing plants, for the most part in dicotyledons, seldom in monocotyle- 
dons; occurrence in cryptogams is rare (ergot). The same species or 
genus may contain many different alkaloids, which are, however, usually 
related in structure. From the opium poppy, for example, ten members 
of the benzylisoquinoline group have been isolated, which differ chiefly * 
in the nature of peripheral groups, or in the degree of hydrogenation of 
the nucleus. The four morphine-type alkaloids found in the same plant 
differ from each other in the same way, and in theory, at least, can be 
related to the benzylisoquinoline group by the establishment of a single 
new carbon-to-carbon linkage.** * It is indeed difficult to find any case 
where unrelated alkaloids occur in a single species. A given alkaloid is 
seldom present in different plant families; berberine, protopine, and 
the xanthine derivatives are exceptional in this respect. The alkaloidal 
content may be greatly influenced by selection and cultivation; planters 
have been especially successful in increasing the quinine yield from the 
cinchona tree in Java. The function of alkaloids in the plant is still a 
subject of speculation. The alkaloids are generally concentrated in the 
living tissue at points of intense cell activity, whence they are often cast 
aside and stored in such dead structures as the seed hulls or outer bark. 
They are regarded as by-products of plant metabolism (Tschirch), in 
contrast to the simple bases and betaines that probably constitute the 
building imits for the formation of plant proteins. Other theories that 
have been advanced conceive alkaloids to be reserve materials stored for 
protein s3mthesis; protective substances discouraging animal or insect 
attacks; plant stimulants or regulators similar to hormones; or detoxi- 
cation products, rendered harmless to the plant by methylation, conden- 
sation, ring closure, and other synthetic processes. 

Alkaloids occur usually in the form of salts of the common natural 

' GttUand and Robinson, Mem. Proc. Mancheeter Lit. PhO. 8oe., 69, 79 (1925). 

* SohOpf, Ann., 459, 211 (1927). 

* Awe, Arch. Pharm., *79, 466 (1934). 
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organic or inorganic adds, or of acids peculiar to the plant family, as 
meconic acid in the poppy, or quinic acid in cinchona. Occasionally the 
alkaloids are present in the free state, because of extremely weak basic 
properties, e.g., narceine and narcotine. More rarely they exist in com- 
bination with sugars, for example the glucoalkaloid solanine (p. 1467), or 
in the form of amides (piperine), or esters (atropine, cocaine) of organic 
acids. The crude alkaloid is separated from the powdered plant parts 
by extraction with water, alcohol, or dilute acids (hydrochloric, sulfuric, 
or acetic) ; or the vegetable material may be treated with alkali and the 
alkaloid extracted by organic solvents. For volatile alkaloids (nicotinie 
and coniine groups), steam distillation is employed. The crude mixture 
of alkaloids obtained by these methods always contains coloring matter 
and resins, and is generally purified by repeated crystallization of spar4 
ingly soluble salts. Adsorbing agents (charcoals) are frequently used \ 
to remove color; occasionally the colored impurities can be destroyed by 
oxidation, as is the practice in cocaine manufacture.^ The individual 
alkaloids are usually separated through differences in solubility of their 
various salts. The separation may sometimes be accomplished by utiliz- 
ing differences in basicity of the alkaloids, i.e., fractional extraction or 
precipitation. In this method, which was developed by Gadamer, a solu- 
tion of the mixed alkaloids in dilute acid is treated with successive small 
portions of ammonia or sodium hydroxide, and the liberated alkaloid is 
extracted with an organic solvent after each addition of alkali. The first 
fractions will contain the weakly basic alkaloids, the last fractions the 
more strongly basic. Conversely, a solution of the mixed alkaloids in 
benzene, ether, or chloroform may be extracted with many small portions 
of dilute acid, the strongest bases being extracted first. 

The first step in structure determination consists in isolating the 
nitro^n-containing portion orthe alkaloid, whether by simple liberation 
from salts, or by hydrolytic processes as exemplified by the glucoalkaloids 
and cocaine types. Hydrolysis of new alkaloids must, however, be em- 
ployed with caution, since in some types of alkaloid structure, for exam- 
ple narcotine, hydrastine, thebaine, strychnine, the basic portion itself 
may be split or undergo racemization. After determining the empirical 
formula and the optical rotatory power of the pure alkaloid, the chemist 
proceeds to ascertain the function of oxygen and nitrogen, how the 
molecule may be broken into simple fragments, and what the funda- 
mental ling system may be. The presence of oxygen as a phenolic 
hydroxyl is shown by alkali solubility, ferric chloride reaction, acylation, 
and alkylation; in the form of an alcoholic hydroxyl by reaction with 

* Sohwyzer, “Die Fabrikation der Alkaloide/* Springer, Berlin (1927) ; “Die Fabrika* 
tion pbarmazeutisoher und chemisch-technischer Produkte/* Springer, Berlin (1931). 
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phosphorus chlorides or thionyl chloride, by acetylation, or occadonally 
by dehydration or oxidation. Carboxyl groups (arecaidine, narceine) 
confer solubility in sodium carbonate or ammonia, and their presence 
may be demonstrated by esterification. Ether-linked methoxyl groups 
and acetal-linked methylenedioxyl groups occur frequently. Methoxyl 
groups can be estimated quantitatively by the method of Zeisel®’ ® or of 
Viebock,"^ which involves boiling the substance with concentrated hydri- 
odic acid and determining the amount of methyl iodide formed. The 
detection and quantitative estimation of the methylenedioxyl group arp 
accomplished by reactions in which formaldehyde is split out by means 
of sulfuric acid.® No other alkoxyl groups have ever been foimd, a fact 
that indicates the importance of formaldehyde in the phytochemical 
synthesis of alkaloids. Many alkaloid structures are so stable that 
methoxyl or methylenedioxyl groups may be split without other struc- 
tural changes, whereby the corresponding hydroxy bases are obtained. 
For this purpose, constant-boiling hydrobromic acid, or aluminum bro- " 
mide, has proved particularly useful.®* ® Carbonyl groups (cryptopine, 
narceine) may be identified by the usual methods; lactone (narcotine, 
hydrastine), lactam, or betaine (arecoline, hjpaphorine) groups are 
usually detected by hydrolysis. 

The determination of methyl groups on nitrogen is carried out by the 
method of Herzig and Meyer,®’ which consists in heating the alkaloid 
hydriodide at 200-300® and estimating the methyl iodide formed. This 
process may be carried out in combination with the Zeisel analysis for 
methoxyl groups. Occasionally the methyl group on nitrogen (higher 
N-alkyl groups are never found *) can be replaced by hydrogen through 
the action of cyanogen bromide, nitrous acid, alkaline permanganate, 
or other reagents, yielding secondary amines. These are distinguished 
by nor prefixed to the alkaloid name, but the same prefix is sometimes 
used to designate bases obtained by demethylation at oxygen. 

With few exceptions the nitrogen in alkaloids is in a ring structure, 
and can be only secondary or tertiary. It is often difficult to distinguish 
between these two forms. Tests for the secondary amino group which 
depend upon reactions of active hydrogen cannot be evaluated until the 
number of other active hydrogens in the molecule is known. Nitrogen 

» Zeiflel. MonaUK 6 , 989 (1886) ; 7 , 406 (1886). 

® Meyer, “Analyse und Konstitutionsermittlung organischer Verbindungen,” Springer, 
Berlin (1922). 

^ Vieb6ck. Ber.. 63. 2818, 3207 (1930). 

« SchSpf and Thierfelder, Ann,, 497 . 22 (1932). 

* Mosettig Burger, J, Am, Chem, Soc., 62, 2988 (1930). 

Heraig and Meyer, McncU8h.y 15 , 613 (1894) ; 16 , 699 (1895) ; 18 , 379 (1897). 

* This statement must now be Qualified, since Freudenberg [Bcr ., 69 , 1962 (1936)] haa 
proved that aconitine contains an N-ethyl group. 
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is generally assumed to be tertiary if the usual reactions *• ** for sec- 

ondary nitrogen are negative.* The ability to form amine oxides •with 
30 per cent hydrogen peroxide, and to react with 1,5-dibromopentane “ 
•with formation of pentane diammonium bromides, is sometimes used to 
characterize tertiary bases. The most generally applicable method for 
ascertaining structure is exhaustive methylation, also known as the Hof- 
mann degradation. This depends upon the tendency of many quater- 
nary ammonium hydroxides to decompose with loss of water and scission 
of a carbon-to-nitrogen linkage when heated, f and often gives imm^ 
diate structural information. With an open-chain tertiary amine, 
single methylation and decomposition suffices to eliminate nitrogen 
trimethylamine. 

\ 

RCHjCHsNCCH,)* RCHsCHjNCCH,)*! -> RCH2CH2N(CHs)80H \ 

-» RCH=CH2 + N(CH3)j -f H 2 O 


If, on the other hand, two of the nitrogen valences are involved in a 
hydrogenated ring structure, the first decomposition yields an unsatu- 
rated open-chain amine, with which the process must be repeated before 
nitrogen can be split out and the carbon skeleton exposed. 


CH 2 CHj 


CHs CH 2 


CH* CHj CH* CH* 
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Ho/^^(CH,), 




^^Houben, *‘Die Methoden der organ. Chemie**' 2nd ed.* Thieme* Leipzig (1925), 
VoL TV, pp. 369, 502. 

Bosenthaler, “Der Nachweis organ. Verbindungen,” 2nd ed., Enke, Stuttgart (1923), 
p. 514. 

♦ Such reactions must be interpreted with caution. Some tertiary bases (e.g., apomor- 
phine, morphothebaine) yield N>benzoyl derivatives through ring scission, 
von Braun, Ber,, 41, 2156 (1908). 

t For a discussion of the probable mechanism see Schlenk-Bergmann “Ausfilhrliches 
Lehrbueh der organischen Chemie,” Deuticke, Leipzig and Vienna (1932), Vol. 1, p. 55. 
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See for example the degradation of pseudopelletierine to cyclodctadiene, 
p. 1183. In accordance with a suggestion of Willstatter,^* the unsatu- 
rated amine formed in the first step of exhaustive methylation usually 
receives the prefix des-. The suffix -methine is also sometimes used to 
designate these compounds (see the codeine series). Where nitrogen is 
linked in ring structures through three valences, three methylations and 
decompositions are necessary to eliminate the nitrogen. Thi s is true of 
canadine or tetrahydroberberine,“ in which the following ring ^tem is 
present: 


0 CH, 



The Hofmann degradation is not applicable to all types of alkaloids; it 
fails with unhydrogenated pyridine, qiunoline, and isoquinoline deriva- 
tives, and with hydrogenated quinolines. A useful modification, the 
Emde degradation, involves treating an alcoholic or aqueous solution of 
the quaternary halide with sodium amalgam. The Emde degradation 
may yield the same degradation product as the Hofmann method, or a 
reduced derivative, sometimes a mixture of the two. It often succeeds 
with ring systems that cannot be degraded according to Hofmann. Tetra- 
hydrodimethylquinolinium halides, for example, split off methyl alcohol 
to give N-methyltetrahydroquinoline when heated with alkali. By 
Emde’s process, the principal product is 7 -dimethylaminopropylben- 
zene. 


H, 



(CH,), 


M Wfflrt&tter, Ann., SIT. 268 (1901). 

^ MoDftvidt Porkiii. wwi Robiiifloii, J* Chetn. Soc., 101, 1218 (1912). 
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With teirahydrodimethylisoquinolinium halides, both methods yield the 
same primary product, (o-vmylbenzyl)dimethylamine, but fxirther degra- 
dataon by Hofmaim is unsuccessful, whereas application of the Emde 
method results in o-methylstyrene.“’ ” 






.CH 

Vh. 


^N(CH,), 

H, 

.CH 

Vh. 

/N(CH,),C1 

Hs 



It has been discovered recently “ that some quaternary ammonium hal- 
ides can be degraded smoothly by catalytic hydrogenation, but the 
method has been applied to only a few alkaloids.^* 

Two other methods for opening nitrogen-containing rings were de- 
vised by J. von Braun.® One of these, applicable to cyclic secondary 
amines, consists in treating the benzoyl derivative of the amine with 
phosphorus halides. From benzoylpiperidine, for example, echloro- 
amylamine is obtained. 



When the reaction is carried out at a higher temperature, 1,5-dichloro- 
pentane and benzonitrile are the products. The second von Braun degra- 
dation makes use of cyanogen bromide, CNBr. This reagent reacts with 
tertiary nitrogen compounds to break one carbon-to-nitrogen linkage, the 
qyano group becoming attached to nitrogen and the bromine atom to 
carbon. Cyclic N-alkyl compoimds may be dealkylated with formation 
of a qydic N-cyano derivative, or the ring may be c^)ened with formation 

>*Emde and EuU. Anih. Pham., STS, 469 (1934;. 
a E^de, Ann., 891, 88 (1912). 

UEmds and EuU, Ank. Pham., S74, 173 (1936). 

® Atdunatowitsa and Bochwic, C. A., S9, 6240 (1936). 

•• raa Braun, Bar.. ST. 2916. 4723 (1904) ; 40, 3914 (1907). 
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of a cyanasoino derivative, depending upon the structural features adja- 
cent to the nitrogen atom. The cyanogen bromide degradation is of 
interest because it often succeeds with compounds that resist the Hof- 
mann degradation, further, because it opens the ring at a diffm^nt point 
from the latter. The degradation of hy^ocotamine (p. 1220), for exam- 
ple, proceeds thus: 



Other vigorous degradations are often employed to determine the 
fundamental structures present. Oxidative methods have been widely 
used; see, for example, nicotine, cinchonine, papaverine. Oxidizing 
agents employed are chosen according to the degree of degradation de- 
sired and the stability of the structures present. Mild oxidizing agents, 
as silver acetate, mercurous acetate, or alkaline potassium ferricyanide, 
may cause only partial dehydrogenation. Chromic add and alkaline 
pe rmangan ate have been used most frequently, and by control of tem- 
perature and concentration it is often possible to oxidize in steps until 
only the most resistant nuclei remain unattacked. Lead peroxide or 
manganese dioxide in sulfuric acid, nitric acid, hydrogen peroxide, and 
allralinft solutions of bromine or iodme have been used in uuhvidual cases. 
Distillation over hot zinc dust breaks the molecule down to stable ring 
systems; morphine gives phenanthrene, cinchonine yields quinoline and 
picoline, strychnine gives lutidine and carbazole. Other reductive meth- 
ods, especially sodium and alcohol, and catalytic hydrogenation, have 
helped to establish relationships between alkaloids that differ in degree of 
oxidation, or owe their isomerism to differences in the porition of unsat- 
urated Ullages. Fusion with alkali, heating with bromine or phosphorus 
halides, and drastic reactions are often used in degrading the 

to known substances. From the fragments thus obtained it is 
sometimes possible to make a reasonable structural picture of the alka- 
loid itself. 

The constitution of a considerable number of alkaloids is now known 
with certuhty, and for many the structural formula has be^ confirmed 

“ v»a Braun, Ber., 49, 2624 (1916). 



1176 


ORGANIC CHEMISTRY 


by synthesis. Especially noteworthy are the methods developed in recent 
years by C. Schopf and G. Hahn for the synthesis of alkaloids under con- 
ditions comparable to those existing in the living plant. These investi- 
gations, which bring welcome support to the inspiring speculations of 
Winterstein and Trier, and Robert Robinson, are summarized in the 
concluding paragraphs of this chapter. The discovery of new and often 
medicinally important alkaloids is proceeding more rapidly than struc- 
ture elucidation, and there still remain whole groups of long-known valu- 
able alkaloids concerning whose structure there is little knowledge (for 
example, the aconite and veratrine groups), as well as many individual 
alkaloids whose empirical formula is still uncertain. There are few fields 
of organic chemistry where so many unsolved problems lie at hand. It Js 
possible to discuss here only a limited number of the more importaiit 
alkaloids, which have been chosen as representatives of various hetero\ 
cyclic systems most frequently found in nature. For more complete 
information, the numerous exhaustive textbooks on alkaloids must be 
consulted.^ 

PHENYLALEYLAMINE GROUP 

The phenylalkylamine bases ephedrine and hordenine depart from 
the conventional alkaloid definition in possessing an open-chain amine 
structure. Ephedrine has in other respects typical alkaloid properties, 
and especially because of its physiological action deserves discussion 
among the alkaloids. Hordenine, because of its obvious relationship to 
the cyclic bases from Anhalonium species, is treated under the mescal 
alkaloids (p. 1209). 

Ephedra Bases. The Chinese herb known as Ma huang, which has 
been used in the alleviation of a variety of ailments for some 5000 years, 
consists principally of the dried parts of Ephedra sinica or E, equisetina. 
At least six bases are present, of which the most important is i-ephedrine. 
It is accompanied by d-pseudoephedrine, i-methylephedrine, d-meihyl- 
pseudoephedrine, Z-norephedrine, and d-norpseudoephedrine. All these 
constituents, as well as their optical antipodes and racemates, have been 
S3mthesized. 

H H OHH 

Cja*C— C— CH, CAC— A— CH, 

i I II 

OHNHCHa H NHCH, 

I. Ephedrine II. Peeudoephedrine 

«Heniy. “The Plant Alkaloids/* BUkiston. Philadelphia (1939); Schmidt-Grafe. 
**AikaIoide/' Urban and Schwarzenl^rg, Berlin (1920) ; Seka, **Alkaloide,** Urban and 
Schwarsenberg, Berlin (1927, 1933). Other textbooks and review articles are listed under 
^'General References'* on p. 1257. 
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Ephedrine contains two diaaimilfLr asymmetric carbon atoms, so that 
four optically active isomers (p. 229) are possible. Of these, the natural 
bases i-ephedrine and d-pseudoephedrine are diastereoisomers, and are 
mutually interconvertible. Their optical opposites are known only by 
synthesis. The first structural determination in the series was carried 
out by Ladenburg,2» who succeeded in demonstrating the nature of d- 
pseudoephedrine. It is a secondary base containing an alcoholic hydroxyl 
group, as indicated by the formation of a nitroso derivative and a 
dibenzoyl compound. The presence of a methyl group on nitrogen is 
evident from the appearance of methylamine when the base is degraded 
with hydrochloric acid, and the simultaneous formation of methylamine 
homologs shows that the methylamino group is not located at the end of 
a chain. Oxidation of pseudoephedrine gives benzoic acid or benzalde- 
hyde, pointing to a hydroxyl on the carbon adjacent to the benzene ring. 
Evidence from these degradations, therefore, shows the probable struc- 
ture for ephedrine and pseudoephedrine to be that of a propylbenzene 
carrying a hydroxyl and a methylamino group in the 1- and 2-positions 
of the side chain. 

The formulas derived for the ephedra bases from degradative reac- 
tions have been confirmed by numerous syntheses.^ Spath and Gohring 
prepared all the ephedrine isomers from l-phenyl-l-methoxy-2-bromo- 
propane. This was converted with methylamine to the corresponding 
2-methylaminopropane, which, on treatment with hydrobromic acid, 
yielded l-phenyl-l-hydroxy-2-methylaminopropane, racemic pseudo- 
ephedrine. The racemic base was resolved into the known (natural) 
d-pseudoephedrine and its enantiomorph i-pseudoephedrine, or isomer- 
ized to d,^phedrine, which could likewise be resolved into the enantio- 
morphic d- and Ir (natural) ephedrines. 

OCH3 OCH3 OH 

CeHsCH — CH — CH3 CeHsCH — CH — CH3 — > CeHsCH — CH — CH3 

Br NHCH3 NHCH3 

dtl-Pseudoephedrine 

The action of acids converts i-ephedrine to d-pseudoephedrine, and 
prolonged heating with hydrochloric acid reverses this change. The rear- 
rangement apparently takes place through replacement of the hydroxyl 
group by halogen, followed by hydrolysis of the l-phenyl-l-halogeno-2- 

** Ladenburg and Oelachlftgalt Ber*, XS. 1823 (1889). 

“Eberhard, Arch. Pharm., 868, 62 (1915); *68, 97 (1920); Sp&tb and GShring, 
Monabh., 41 , 319 (1920) ; (d) Nagai and Kanao, Ann., 470 , 167 (1929) ; Manske and John- 
son, /. Am. Chem. Soe., 61 , 680 (1929) ; Skits and Ked, Ber., 6 *. 1142 (1929). 
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methylaminopropane with inveinon at the number one carbon atom." 
The configuration of {-ephedrine and of d-pseudoephediine as in formulas 
I and II was established by Freudenberg through relationships to syn- 
thetic material of known configuration." The synthesis of the natural 
ephedrine homologs is described by Nagai and Kanao. 

The 1-ephedrine of commerce is mostly of synthetic origin. The labo- 
rious and wasteful separation of d,l-isomer8 is avoided by an ingenious use 
of enz 3 rmes. Sugar is fermented in the presence of benzaldehyde, 
whereby fe»o-l-phenyl-3-ketopropanol-l 

C.H5-CH-C-CH, 

I II 

OH 0 

is formed, probably throu^ an enzjrmatic condensation between ben-^ 
zaldehyde and acetaldehyde. The leva ketone is then condensed with' 
methylamine under reducing conditions, giving i-ephedrine directly." 

Ephedrine has a strong mydriatic action. It contracts the blood ves- 
sels and causes a prolonged rise in blood pressure. Its astringent action 
on mucous membrane is utilized in treating allergic conditions such as 
hay-fever and asthma, and in shrinking engorged nasal tissues. 

PYRIDINE GROUP— HEMLOCK, PEPI^R, POMEGRANATE, 

ARECA NUT, AND CASTOR-BEAN ALKALOIDS 

Hemlock Alkaloids. The hemlock herb or spotted cowbane, Conium 
maculaiunif contains five alkaloids, coniine CgHiyN, y-coniceine CsHxsN, 
conhydrine CgHiyON, pseudoconhydrine CsHitON, and N-methylco- 
niine CgHigN, in combination with malic and caffeic acids. Coniine 
was isolated in 1831, but its constitution was not determined until about 
fifty years later (Hofmann) ." Coniine is a strongly alkaline, dextrorota- 
tory liquid, of penetrating odor and burning taste. When its hydro- 
chloride is distiUed with zinc dust, a new base, conyrine, containing six 
less hydrogen atoms, is formed. Conyrine can be reduced again to 
(optically inactive) comine with concentrated hydriodic acid. 

CsHijN CsHiiN + 6H 

Coniine Conyrine 

Further information on the structure of coniine was obtained by the 
oxidation of conyrine, which yielded o-picolinic add. 

» £mde, Bdv. Chim. Acta, IS, 365 (1929) ; Emde and Spaenhauer, ibid., IS, 3 (1930). 

** Praudmbmg, Solioeffel, and Braim, J. Am, Chem. Soe., 04, 234 (1032) ; Fraudenberg 
and micolai. Atm., 010, 223 (1934). 

V HOdefaraadt and Elavdin, U. S. pat. 1,966,960. 

«■ Hofmann, Ber., U, 6, 109 (1886). 
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OHf-CH,-CH, 


I. Coniine 


11. Consnina 



III. a*Pie(dinio Add 


Since two carbon atoms were lost in the oxidation, con 3 n*ine was thus 
shown to be an a-propylpyridine. It was found not identical with the 
known a-isopropylpyridine and was therefore assigned the alternative 
formula, a-n-propylpyridine. Coniine is the dextro form of a-n-pro- 
pylpiperidine. 

Formula I is in accord with the behavior of coniine as a secondary 
amine in its reactions with acylating agents and with nitrous acid, and 
found confirmation in Ladenburg^s synthesis ^ in 1886, the first synthe- 
sis of an alkaloid. In general, when pyridinium alkyl halides are heated 
under pressure, the alkyl group shifts to the a- or y-position, yielding the 
corresponding alkylpyridines. Ladenburg’s attempts to prepare cony- 
rine by this method failed because of isomerization of the n-propyl group 
to isopropyl under the drastic conditions involved. The coniine S 3 m- 
thesis was finally accomplished by condensation of a-picoline with paral- 
dehyde and reduction of the condensation product to a-propylpiperidine 
with sodium and alcohol. The optically inactive product yielded on 
resolution with tartaric acid a dextrorotatory base identical with coniine 
(see also Hess).®® 

7 -Coniceine contains two hydrogen atoms less than coniine. It is 
optically inactive, hence the asymmetric carbon atom of coniine must 
be involved in the unsaturation; on reduction, y-coniceine gives d,i- 
coniine. y-Coniceine can be prepared from chloro- or bromo-coniine by 
the action of alkali, or from conhydrine by dehydration, facts which find 
an explanation in formula IV. 7 -Coniceine was synthesized by Gabriel.*^ 

Conhydrine represents a coniine in which an alcoholic hydroxyl group 
replaces a hydrogen atom in the side chain. The position of this hydroxyl 
was long uncertain, but has been proved by the identity of the product 
of N-methylation and oxidation, methylconhydrinone (VI), with the 



IV. r-Coniodue V. Conhydrine VI, Metbyleonhydrincme 

» Lwlenbarg, Ber., U, 439, 2678 (1886). 

*0 Hess and Weltiien, Ber., 68, 139 (1920). 

*' Gabriel, Ber., 43 , 4059 (1909). 
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synthetic l-(a-N-methylpiperidyl)-l-propanone.** Conhydrine can be 
reduced to coniine. On oxidation it yields either the ketone d,i-conhy- 
drinone, or pipecolinic add; the former is identical with S3mthetic 
l-(a-piperidyl)-l-propanone. 

Pseudoconhydrine is a structural isomer of conhydrine, which it re- 
sembles closely. It can be transformed through iodoconiine to d-coniine, 
or dehydrated to pseudoconiceine, an isomer of the y-coniceine mentioned 
above. Spath ** showed by degradation that pseudoconhydrine has the 
hydroxyl group in the piperidine ring, at the 5-position. The pseud^ 
conhydrinemethine resulting from the first step in the Hofmann degrada- 
tion was hydrogenated; the dihydro derivative, on oxidation, yieldeJj 
enanthic acid ( 71 -heptylic acid), or on further degradation gave 1,2^ 
epoxyoctane. A portion of the dihydro methine, undergoing the normal 
Hofmaim degradation, gave 2-octanone, leaving no doubt as to the^ 
position of the hydroxyl in pseudoconhydrine. 



N-Methylconiine occurs naturally in both d- and Worms. d-N- 
Methylconiine can be prepared from coniine by methylation, the d,i-form 
from the pomegranate alkaloid methylisopelletierine (p. 1184) by reduc- 
tion. 

The conium alkaloids cause paralyris of the motor nerve endinp, and 
all are poisonous. The hemlock drink used in ancient times to infiict the 
death penalty owed its toxicity to these bases. 

Pepper Alkaloids. The alkaloid piperine, C 17 H 19 O 3 N, occurs to the 
extent of about 5 to 9 per cent in the fruit of Piper nigrum, the source of 
black and of white pepper; it is present in lesser amoimts in other Piper 
spedes. The sharp taste of pepper is apparently not due to piperine, 
but rather to an isomer, chavicine.** A third base, piperovatine, is also 
known. 

Piperine is a very weak, optically inactive base, yielding on hydrolysis 

^ Hess and Grau, Ann,, 441, 101 (1925) ; Sp&th and Adler, Monatah,, 63, 127 (1933). 

X Sp&th, Ber., 66, 691 (1933). 

** Ott and LOdemann, Ber,, 67, 214 (1924). 
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piperic acid and piperidine. The latter substance first became known 
from this source. Piperic acid is unsaturated, and adds four atoms of 
bromine or of hydrogen. On oxidation with permanganate, it gives 
piperonal, and finally piperonylic add. Piperonylic acid breaks down 
to protocatechuic add and carbonaceous products when heated with 
hydrochloric acid at 170°; conversely, it can be prepared from proto- 
catechuic acid by the action of methylene iodide and alkali. Its consti- 
tution as the methylene ether of protocatechuic acid is evident. 


HO— p 

HO— COOH 


I. Protocatechuic acid 



COOH 


II. Piperonylic acid 


Piperic acid differs from piperonylic acid by C4H4, which must be located 
between the aromatic nucleus and the carboxyl group in order to explain 
the oxidation of piperic acid. The formula thus obtained (III) was con- 
firmed by Ladenburg’s synthesis.*® 



III. Piperic acid IV. Piperine 


Pipeline is the amide of piperic acid with piperidine, and was prepared 
by Rugheimer ** from piperoyl chloride and piperidine before either of 
the components had been synthesized. Except as a local irritant, piper- 
ine is practically without physiological action. 

Chavicine is the piperidine amide of chavicic acid. The latter is a 
geometrical isomer (cis-cis form) of piperic acid {trans-4rans form).** 

Pomegranate Alkaloids. The bark of the pomegranate tree {Punka 
granatum) contains four or more low-melting or liquid alkaloids discov- 
ered in 1877 by Tanret, and named pelletierines in honor of the French 
alkaloid chemist Pelletier. The existence and nomenclature of some of 
the bases have been the subjects of considerable dispute, and only those 
of well-established constitution will be discussed here. 

The chief alkaloid, pseudopelletierine (N-methylgranatonine), 
C 9 H 16 ON, contains two piperidine rings having nitrogen and two carbon 
atoms in common, and is closely related to tropinone (p. 1195). The 

“ Ladenburg and Scholtz, B«r., >7, 2968 (1894). 

»• Rllgheimer, Ber., 15, 1390 (1882). 

*> Ott and Eichler. Ber.. 50 , 2653 (1922). 
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nitrogen atom is tertiary and carries a methyl group. The single oxygen 
atom is linked in a ketone group, which stands between two methylene 
groups, as is shown by the ability of pseudopelletierine to form an oxime, 
and dibenzylidene or diisonitroso derivatives. By reduction at the 
carbonyl group, a secondary alcohol, methylgranatoline, is obtained. 
This base can be converted through a series of intermediates to grana- 
tanine, the parent substance of the series. Granatanine is a homolog of 
norhydrotropidine in the tropine series.*® 


CHjr— 

— CH CH, 

CHr-CH— CH, 

I 

CH, 

1 1 

N— CHsCO 

1 1 1 
CH, NH CH, 

1 

CHy— 

1 1 
— CH CH, 

1 1 1 
CHji—CH— CH, 

I. Paeudopelletierme 

II. Granatanine 


The constitution of pseudopelletierine rests upon degradations and 
synthesis. Distillation of granatanine hydrochloride over zinc dust gives 
a-propylpyridine, a degradation parallel to that of norhydrotropidine to 
a-ethylpyridine.®® Pseudopelletierine yields on oxidation a dibasic acid, 
methylgranatic acid, which still has a piperidine ring intact and contains 
the same number of carbon atoms as the starting material. Exhaustive 
methylation of methylgranatic acid leads through IV and V to suberic 


CH,- 

— CH — 

-CH, 

CHy- 

— CH- -CH, 

1 

CH, 

1 

I 

NCHs 

1 

I 

COOCH, 

CH, 

N(CHs), COOCH, 

1 

CHr- 

1 

-CH — 

-COOCH, 

CH= 

=CH- -COOCH, 


III. Methylgranatic ester IV. Dimetbylgranatenic eeter 


add/** demonstrating the presence of an unbranched eight-carbon chain 
in pseudopelletierine. 


CHr-CH=CH— COOH 
CH, 

CH==CH— COOH 

V. Homopiperylenedicarbosylic add 


CH*-CH*— CHi— COOH 
CH* 

I 

CHr-CHr-COOH 

VI. Suberic add 


Pseudopelletierine itself was degraded by Willstatter " through meth- 
yl^tmatanine to cyclodctadiene, which could be reduced to cyclodctane, 
or dehydrt^nated (by the device described on p. 1106 for the troiMdene 

n aamioiaa oad SUber, Ber., M, 2738 (1893). 

*• Ciamidan and Silber, Ber., 27, 2850 U894). 

^^Piceinini, Gctzz. ehim. ital., [II] 29 , 104 (1899) [CAem, Zentr,, II, 808 (1899)]. 
WiUatatter and Waser, Ber., 43, 1176 (1910) ; 44, 3423 (1911). 
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syntheins) to the cyclooctatetraene so ragnificant to theories concerning 
aromatic ring structure (p. 129). 


CHr-CH- -CH, 

CHa N(CH»)20 HCHj 
CHr-CH- -CH, 

VII. Methyleranatanine 
methohydroxide 


CHr-CH- -CH, 

CH, N(CH,), CH, 

CHr-C H - - ■ CH 
Vin. de»-tHmettiyl- 
granatanine 


CH=CH— CHS 

I I 

CH, CH, 

I I 

CHr-CH==CH 

IX. Cydodctadiene 


Pseudopelletierine was synthesized by Menzies and Robinson “ 
through a reaction developed as a result of theoretical speculations on the 
mode of formation of the alkaloid in the plant. Glutaric aldehyde, meth- 
ylamine, and calcium acetonedicarboxylate were condensed, the product 
acidified, and the free dibasic acid distilled in a high vacuum, yielding 
pseudopelletierine. 

CH,-CHO CHr-COO ^ 

I I 

CH, + CH,NH, + CO 

I I Ca 

CHr-CHO CHy-COO — 


CHr-CH CH— COO^ CHr-CH CH, 

III III 

CH, NCH, CO CH, NCH, CO 

III Ca I I I 

CH,-CH CH-COO ^ CH,-CH CH, 


The synthesis of pseudopelletierine by a parallel reaction, under simu- 
lated physiological conditions, is discussed at the end of this chapter. 

Pelletierine (often called punicine), CgHisON, is an aldehyde pos- 
sessing the carbon-nitrogen skeleton of coniine, to which it can be 
reduced. The oxime of pelletierine gives on dehydration a nitrile, which 
is saponifiable to pelletieric acid, identical with a-piperidylpropionic 
acid, whence the structure X follows for pelletierine. This alkaloid, in 
spite of its simple formula, has not been s3mLthesized.* 





Hm- 

H, 

[, 

H,k 

vN-' 

H 

I^H,CH,CHO 

xl 

H,l 

H 

^H,CH,COOH 


X. PeUetierine XI. Pelletieric acid 

** McDxieB aad Robinson, J, Chem, Soc., 125 , 2163 (1924). 

♦ 1*01 a discussion of tb© difficulties involved, so© Spi elrn fl U , Swsdesh, snd Mortenson, 
J. Org, Chem., 6 , 780 ( 1941 ). 
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H, 

H,kN^CH*COCH, 

H 

(CH.) 

XII. laopelletierine (Methylisopelletierine) 


Isopelletierine and methyUsopelletierine occur in very small amounts 
in pomegranate bark. The bases react readily with ketone reagents, and 
the course of oxidation shows that the carbonyl group must be in the side 
chain. MethyUsopelletierine yields on oxidation N-methylpipecolinic 
acid, on reduction d,i-methylconiine (p. 1180). \ 

Hs \ 

H2r^^H2 


CHy 

-CH 

-CH2 

1 

1 

CH, 

I 

NCHa 

1 

CO 

1 

I 

CHr- 

1 

— CH2 

1 

CH; 


Xlla 



Ih 


H 


H 


CHsCOOH 


I 

CHs 

XIII. N-Metbylpipecolinic 
acid 


H 
I 

CHs 

XIV. Methylconiine 


The position of the carbonyl group in the side chain was determined by 
Hess ^ and Meisenheimer ^ through the identity of methylisopelle- 
tierine with l-(a-N-methylpiperidyl)-2-propanone. A slight rearrange- 
ment of the methyUsopelletierine formula (Xlla) shows the relationship 
of the piperidine type pomegranate alkaloids to the condensed ring 
system of pseudopelletierine, 

PeUetierine, usuaUy as a mixture of the pomegranate alkaloids con- 
sisting chiefly of pseudopeUetierine and isopelletierine, is used as an 
anthelmintic; it acts speciflcally on tapeworms. 

Areca Nut Alkaloids. The fruit of the betel palm, Areca catechu^ is 
used as a mild stimulant and narcotic by some 200,000,000 persons in 
India, the PhiUppines, and the islands of the Pacific and Indian Oceans. 
Betel chewing is one of the most widespread habits of man. The chew 
usuaUy consists of a piece of areca nut rolled in a leaf of the betel pepper 
(Piper belle) with some lime and a Uttle gambir, tobacco, or catechu. 
The combination is chewed throughout the day, and often held in the 
mouth at night. It stimulates excessive saUvation, and the saUva is col- 
ored blood-red by the action of the Ume and gambir on the coloring mat- 
ter of the areca nuts. The teeth are blackened rapidly. The addict 
experiences a feeUng of well-being, good humor, and contentment. The 
craving for the drug is intense, but the habit does not appear to cause 
any degeneration.^ Of the five alkaloids that have been isolated from 

Hesa and Uttmazm, Ann,, 494, 7 (1932). 

^ Meisenheimer and Mahler, ilnn., 469 , 301 (1928). 

^ Lewin, *'Phantastica. Narcotic Stimulating Drugs,** Dutton, New York (1931) 
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areca nuts, arecoline is the most important in respect to physiological 
action, but other substances present in the nuts probably contribute to 
the intoxicating effect. 

Arecoline, C 8 H 13 O 2 N, is an optically inactive liquid base, present to 
the extent of about 0.1 per cent in areca nuts. On hydrolysis it is split 
into methyl alcohol and arecaidine, C 7 H 11 O 2 N, another alkaloid that is 
found in smaller amounts in the nuts. Arecaidine is amphoteric; it 
forms salts both with acids and with alkalies. On esterification with 
methyl alcohol it is converted to arecoline. The nitrogen atom carries 
a methyl group that can be split off as methyl chloride by hydrochloric 
acid at 240°; on treatment with lime, methylamine is formed. 

The formula of arecaidine was thus resolved into 


CH3N<C6H7— COOH 


which led Jahns to the conception that it must be a partly saturated 
pyridine derivative related to nicotinic acid. This theory was confirmed 
by synthesis; ^ nicotinic acid methochloride, on reduction with tin and 
hydrochloric acid, yielded arecaidine. 


COOH 4H 


I. 


/\ , 

CHs Cl 

Nicotinic acid methochloride 


1 

CH, 


II. Arecaidine 


+ HCl 


The optical inactivity of arecaidine leaves only the 2,3- and 3,4- 
positions in question for the double linksige. This uncertainty was elimi- 
nated by the synthesis of Wohl.^’ Acrolein was converted by the action 
of alcohol and hydrogen chloride into j3-chloropropionaldehyde acetal, 
and two molecules of this product were condensed with methylamine. 
The resulting methylaminocUpropionaldehyde diacetal gave on hydroly- 
sis the dialdehyde, which underwent ring closure with loss of water, 
yielding the aldehyde corresponding to arecaidine. This was transformed 
through the oxime and nitrile to the acid, arecaidine. 

CH(OE.). (E«)).CH CHO CHO 

in. CH. ^ 

CHjXJI H, CICH, CH, CH, \^/ 

Y u 

IH, CH, 

« Jahns, Ber.. *1, 3404 (1888) ; *8, 2972 (1890) : * 4 , 2616 (1891) ; Pharm., 

669 (1891). 

« WoM and Johnson, Ber., 40, 4712 (1907), 
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Arecaidine can also be considered the tetrahydro derivative of the 
betaine t3^e, trigonelline (nicotinic acid methyl betaine). For arecoline, 
the corresponding quaternary ammonium formula (Ilia) is in better 
accord with the physiological action than the ester formula (III). 


H, COOCHs 

CH, 

III. Arecoline 


COO- 

/r 


CH, CH, 


nia 


Hj^'*«Y-COOH 

H 

IV. Guvadne 


Guvacine (norarecaidine) and guvacoline (norarecoline) are minir 
alkaloids, related as acid and methyl ester. The constitution of the pat 
is evident from the identity of guvacine with 1,2,5,6-tetrahydronicotiniq 
acid, further from the conversion of guvacine into arecaidine by N\ 
methylation. 

Arecoline stimulates salivation and perspiration; in larger doses it 
kills by respiratory paralysis. Areca nut extract, as well as arecoline, has 
vermifugal action and is used for this effect in veterinary medicine. Betel 
chewers, nevertheless, are often afflicted with intestinal parasites; the 
alkaloids probably reach the intestinal tract in too low concentration to 
be effective. 

Castor-Bean Alkaloid. Ricinine, C8H8O2N2, occurs in the seeds and 
especially in the young plants of Ridrvus communis (castor-oil plant); 
it is one of the few alkaloids that is found unaccompanied by others. 
Ricinine is optically inactive and so weakly basic that it forms no salts. 

When ricinine is distilled with zinc dust, pyridine is obtained; cata- 
lytic reduction, on the other hand, proceeds with addition of four hydro- 
gen atoms (tetrahydroricinine), facts that point to the presence of a 
dihydrogenated pyridine nucleus in ricinine. On treatment with alkali, 
ricinine yields methyl alcohol and the compound C7H6O2N2, which was 
named ricininic acid (III) in the belief that ricinine was its methyl ester. 
With fuming hydrochloric acid at 150® ricinine (likewise ricininic acid) 
gives carbon dioxide, ammonia, and the base C6H7O2N, which Sp&th " 
showed by synthesis to be 4-hydroxy-l-methyl-2-pyridone (II). 


OCH, 

OH 

1 





CH, 

CH, 

1. Ridnine 

n. 4-Hydrozjr-l-iaatbyl-2-pyTidoiw 


^ Spftth and Tschelmta, ifonotoA., 4S, 251 (1921). 
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The ricinine structural problem was solved by a study of ridnidine 
(V), a product obtained by chlorination of lidninic add with phosphorus 
oxychloride, and reductive elimination of chlorine. It was found that 
ridnidine, C 7 H 6 ON 2 , could be hydrolyzed in two steps. The addition 
of one molecule of water gave an amide, C 7 H 8 O 2 N 2 (VI), which in the 
second stage of hydrolyds lost ammonia and was transformed to a car- 
boxylic add (VII). 


OH Cl 



CH, CH, CHs 


III. Ricininic acid IV. Cblororicimdine V. Ridnidine 

D — CONHi COOH 

CH3 CH3 

VI. l-Methyl-2-pyridone-3-carboxylio VII. l-Methyl-2-pyridone-8- 
amide carboxylic acid 


The structure of the l-methyl-2-pyridone-3-carboxylic add so obtained 
was demonstrated by synthesizing the three possible isomers. The for- 
mula thus derived for ricinine was confirmed by Spath’s synthesis of the 
nllfftlnitl itself.® A simple synthetic procedure devised by Schroeter “ 
is based on the observation that spontaneous polymerization of cyanoace- 
tyl chloride results in 2 , 4 -dihydroxy- 6 -chloronicotinic acid nitrile, (VIII). 
On methylation, this substance reacts in a pyridone form, yielding an 
N-metiiyl derivative (IX) from which, by dehalogenation (formation of 
ricininic acid III) and further methylation, ricinine is obtained. 



Bidnine is mildly poisonous, but the toxic properties of castor beans 
appear to be due to a phytotoxin, ricin, of unknown nature. 

4» Sp&th and KoUer, Ser., 66, 880, 2454 (1923) : 

Schroeter, Seidler, Sulzbacher, and Kanite, Ber^ 6p* 482 (1932). 
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PYRROLIDINE GROUP 


Hygrine Alkaloids. Hygrine, CgHisON, occurs in the leaves of the 
Peruvian coca shrub, ErythroxyUm coca^ from which it is obtained as an 
oily fraction along with some cuscohygrine, after the alkaloids of the 
cocaine group have been removed. Hygrine is one of the liquid alka- 
loids, and is optically active. The nitrogen atom carries a methyl group, 
and oxygen is present in ketone form. 

The structural formula of hygrine is based upon the relationship, to 
hygrinic (hygric) acid and upon synthesis. By oxidation with chroihic 
acid, hygrine is converted to hygrinic acid, C5H10NCOOH, a monobasic 
acid that breaks down on dry distillation into carbon dioxide and N- 
methylpyrrolidine. The ease of decomposition indicates the a-position 
for the carboxyl group; this was shown by Willstatter's hygrinic acid 
synthesis to be correct. 


CH2— CH2 

I I 

CHs CHCOOH 


CH»-CH2 


CH 2 CHCH2COCH8 
\n/ 


CHs 

I. Hygrinic acid 


I 

CHs 

II. Hygrine 


Hygrine differs from hygrinic acid by a C3H5O group in place of 
carboxyl. For this group only the forms — COC2H6 and — CH2COCH3 
are possible; the choice of the latter rests on the (racemic) hygrine syn- 
thesis of Hess.®* Pyrrylmagnesium bromide was treated with propylene 
oxide, yielding l-«-pyrryl- 2 -propanol, from which the corresponding 
pyrrolidine derivative (IV) was obtained by catal3rtic hydrogenation. 


CsHsNMgBr + CH2— CHCHs 


CH2— CH2 

I I 

CH2 CHCHsCHOHCHj 

\n/ 

H 

IV. I*c»-Pyrrolidyl-2-propanol 

« WiUatfttter, Rur.. SS, 1160 (1900). 
MHeBBp Her., 46, 3113, 4104 (1913). 


s^^j^^CHaCHOHCHs 

H 

III. l-a-Pyrryl-2-propanol 

CH,— CH* 

HCHO I I 

» CH, CHCH2COCH, 

\n/ 

I 

CH, 

II. d,2-Hygrme 
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The psnrolidine imino group was methylated with formaldehyde by the 
Eschweiler reaction, whereby the secondary alcoholic group unexpectedly 
contributed its hydrogen atoms toward formation of the methyl group, 
and appeared as the hygrine carbonyl in the end product.* 

Attachment of the hygrine side chain to the o-carbon atom of the 
P3nnrolidine nucleus suggests a phytochemical relationship between hy- 
grine and tropinone.*^ 

CHif -CH CH* 

I I 

N— CH* CO 
CHjr — CH* CH, 

Hygrine 

Stachydrine is the methylbetaine of hygrinic acid and occurs rather 
widely in nature (chrysanthemum, alfalfa, citrus, and Stachys species). 

Cuscohygrine, C13H24ON2, is found chiefly in the so-called cusco coca 
leaves. It is an optically inactive diacid base, closely related to hygrine. 
The action of alcoholic alkali degrades it in part to hygrine, and like 
hygrine it can be oxidized to hygrinic acid. Two formulas have been 
proposed for cuscohygrine: 


CH 2 — CHg 

1 1 

CH 2 — CH* 

1 1 

CHa—CH, 

1 1 

CHr-CH, 

1 1 

CH, CH— CHjCOCHr 

I 

-CH CH, 

1 

CH, CH— CH— CH CH, 

io 

CH« 

CH, 

CH, 

in, 


Cuscohygrine 


VI 


Formula V is in better accord with the formation of undecane and 6- 
undecanol in the Hofmann degradation of dihydrocuscohygrine (i.e., 
cuscohygrine reduced at the carbonyl group), which indicates an im- 
branched chain of eleven carbon atoms. Formula VI was advanced by 
Hess to explain the appearance of homohygrinic acid (N-methyl-a- 
pyrrolidylacetic acid) in Traube's reaction t and of a supposed di-(N- 
methyl-a-pyrrolidyl) me thane in decompositions of cuscohygrine hydra- 

* The Eschweiler method for the methylation of primary or secondary amines consists 
in heating the amine with formaldehyde. The hydrogen necessary fpr the formation of 
the methyl group is supplied by the excess formaldehyde, which is oxidized to formic acid 
or to carbon dioxide. [Eschweiler, Her., 38 , 880 (1906) ; Hess, Her., 46 , 4104, footnote 
(1913).] 

t Traube’s reaction [Ann., 300, 81 (1898)] depends upon the ability of the hydrogen in 
methyl, methylene, or methenyl groups adjacent to a carbonyl group to react with ni^c 
oxide in the presence of sodium ethoxide. From the number of moles of mtric oxide which 
react, and the nature of the products of subsequent hydrolysis, it is possible to distinguish 
between — -COCHs, — COCH 2 — , and — COCH= groups. 


CH 2 CH CH 2 

I I 

N— CH, CO 

I I 

CH* CH CH* 

Tropinone 
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zone.” Barring the possibility of a rearrangement during the Hofoumn 
degradation, formula Y seems the more probable for ousoohygrine. 


PTRIDINE-FyRROLIDraB AND DIFYRIDINB GROUP 


Tobacco and Anabasis Alkaloids. The alkaloid nicotine, from Nico- 
tiana tabacum, occupies a position of great commercial importance. The 
annual world production of tobacco for human consumption and in^c- 
ticidal use is more than two million tons, corresponding to about sixt^ or 
seventy thousand tons of nicotine alkaloid. The base is combined inlthe 
plant with malic and dtric adds and may be isolated by extracting the 
powdered leaves and stems with water, liberating the alkaloids w^th 
alkali, and distilling with steam. The crude nicotine is purified throukh 
the oxalate. It is also commercial practice to extract systematically with 
tridiloroethylene a mixture of tobacco refuse, milk of lime, and sodium 
hydroxide. The solution is concentrated in a vacuum and extracted with 
dilute sulfuric add, from which the nicotine is liberated with alkali and 
extracted into ether-petroleum ether mixture. Distillation of this solu- 
tion under nitrogen yields nearly pure nicotine. 

Nicotine is a stron^y basic levorotatory liquid, misdble with wat^r 
below 60° in the form of a hydrate, and above 210°. Its structure has 
been shown both by degradation and synthesis. ' Oxidation with a variety 
of agents leads to nicotinic add, /3-pyridinecarboxylio acid (IV). The 
alkaloid must therefore be a pyridine derivative carrying a C 5 H 10 N 
group in the /S-position. This side chain cannot consist of a piperidine 
nucleus, for nicotine behaves as a bitertiary base, that is, contains no 
>NH group; furthermore, the Herzig and Meyer determination shows 
the presence of an N-methyl group. The methyl group cannot be 
attached to the pyridine nitrogen atom, so the CsHioN group is resolved 
into C 4 H 7 NCH 8 . These facts are best explained by a pyiidine-N- 
methylpyrrolidine qrstem.” 

CH*-CH, 



CH, 

1. Niootine 


The linltftgft of the pyridine ring in the o-position of the pyrrolidine 
nudeus was shown by bromine degradation. Nicotine, on treatment 

**Hcm and B»pp«rt, Ann., Ml, 137 (1925) ; Sohl and Shiiner, J. Am. Ch«m. Sms., U, 
3823 (1933) ; Hom and Fmk, Ber., 33, 781 (1920). 

** Pimwr, B«r.. M. 292 (1893). 
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with bronoine, shields a dibromoketone, dibromotioonine. With barium 
hydroxide, dibromoticonine breaks down to nicotimo add, malonic add, 
and methylamine. 



II. Dibromotioonine III. Intermediate IV. Nicotinic acid Malonic add 


The appearance of the three-carbon acid, malonic, shows that the carbon 
atom appearing in the carboxyl group of nicotinic acid must be the end 
atom of a chain of four carbons, which is possible only if the pyrrolidine 
ring is linked through an a-position. 

With weak oxidizing agents the methylpyrrolidine nucleus of nicotine 
is attacked, resulting in nicotyrine, a base that appears as an intermedi- 

I 

CH, 

V. Nicotyrine 

ate in the nicotine synthesis of Pictet." This synthesis has its starting 
point in a reaction parallel to the formation of pyrrole through dry distil- 
lation of ammonium mucate. 

CHOH— CHOH— COONH4 CH=CH\ 

I ^ I )>NH + NH, + 4 Hi^> + 2CX)* 

CHOH-€HOH— COONH4 CH=CH/ 

By using the mucate of /S-aminopyridine, that is, by substituting the 
pyridine group for one hydrogen of ammonia in the above reaction, I^ctet 
obtained /S-pyridyl-N-pyrrole. Pyrroles carrying carbon substituents on 
nitrogen undergo on heating a rearrangement that involves a shift of the 
group from nitrogen to the pyrrole a-position, and /S-pyridyl-N-pyrrole 
was converted by this meth^ to /3-pyridyl-a-pyrrole. 



CHOH— CHOH— COONHa—CsBUN 

CHOH-CHOH— COONHs— C6H4N 
^Aminopyridine mucate 

"Kctet and Rotador, Ber.. 87. 1226 (1904). 


-N- 


■x' 



VI. ^Pyridrl-N-pyitde 
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The synthesis of a-nicotine, fli-pyridyl-«-N-methylp 3 nTolidine, which is 
not known to occur naturally, has also been accomplished.® 

Pictet and Noga have described nicoteine, isonicoteine, nicotoine, 
nicotimine, and nicotelline as minor nlWnlniHa . The most abundant of 
these, nicoteine, was shown by Ehrenstein ® to be a mixture of two alka- 
loids, so that the existence of the rarer members as individuals may well 
be doubted. The so-called nicoteine was separated by fractional crystal- 
lization of the picrate into nomicotine and ^jS-pyridyl-a-piperidine. The 
latter substance has the formula that had already been assigned without 
adequate evidence to Pictet’s nicotimine. Nomicotine can be prepared 
by demethylation of nicotine, or by total synthesis from P3nridine.®’ “ 
Both dr and i-nomicotine have been found in tobacco. The constituents 
of tobacco smoke have been extensively studied. At least eight bases 
appear to be present, of which myosmine and the three sokratines are 
responsible for the aroma. Myosmine has been shown to be a j8-p3rridyl- 
a-p3nrroline.® 


H, 



Nornicotine Myosmine Nicotimine (Anabasine) 

(3-Pyri(lyl-<i-I}iperidme) 


As the chief alkaloid of the poisonous Asiatic plant Anabasis aphyUa, 
Orechoff ® isolated the base anabasine. This substance is identical with 
the above-mentioned l-/3-pyridyl-a-piperidine. Its constitution coiUd be 
shown by oxidation to nicotinic acid, and by dehydrogenation to a,/ 3 - 
bipyridyl. 

Nicotine is one of the most poisonous alkaloids, the fatal dose for man 
being in the neighborhood of 40 mg. In smaller amounts it causes diz- 
ziness, perspiration, salivation, and intestinal disturbances. d-Nicotine 
shows only one-half the physiolopcal activity of natural ^nicotine. 
Anabasine, like nicotine, is very poisonous and has high insectiadal 
action. 

“ Craiit, J. Am. Chen, Soe., 66, 1144 (1934). 

** ESirenstdn, ArtA. Pham., S69, 627 (1931). 

“Craig, J. Am, Chen. Soe., 66, 2854 (1933). 

“ Sp&ih, Marion, and Zajio, Ber., 69, 261 (1936). 

“ Sp&th, Wenusch, and Zajie, Ber., 69, 393 (1936) ; Spith and Mamoli, Ber., 69, 767 
(1936). 

“ Orechoff and Menschi k off, Ber., 64, 266 (1931). 
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CONDENSED PIFEKIDINE-FTRROLIDINE GROUP. BELLADONNA 
AND COCA ALEUlLOIDS 

Belladonna Alkaloids. The roots and leaves of a number of solana- 
ceous plants, notably belladonna (Atropa belladonna), henbane {Hyoscya- 
mus niger), the thorn apple {Datura stramonium), and some Duboisia and 
Scopolia species, are rich in a series of therapeutically important alka- 
loids. Hyoscine and hyoscyamine occur in nearly all these plants, accom- 
panied occasionally by atropine, apoatropine, norhyoscyamine, beUa- 
donnine, and meteloidine. The solanaceous plants are notorious i^Uu- 
cinants, the drugs of fanaticism. The group furnished the “sorcerer’s 
drugs” of the Middle Ages, and Hyoscyamus, Datura, and Du^sia 
leaves are today smoked, chewed, or consumed in decoctions in parts of 
Egypt, India, South America, and Australia for the hallucinations )p,nd 
frenzy that they produce." 

Atropine, C17H23O3N, is the racemic form of hyoscyamine. Although 
it is undoubtedly formed to a large extent from the latter base during 
isolation and purification, it has also been shown to exist as such in the 
plant. All the atropine of commerce is prepared by racemization of 
hyoscyamine vath dilute alkali. Atropine is an ester; on hydrolysis it 
yields tropic acid, C9H10O3, and tropine, CgHisON. 

Determination of the structure of tropic acid offered little difficulty. 
This acid is converted by dehydrating agents to «-phenylacrylic acid 
(atropic acid), a type of change characteristic of /3-hydroxy acids, but 
not of oe-hydroxy acids. Tropic acid must therefore possess formula II, 
for the only alternative (III) is that shown by synthesis to belong to 
atrolactic add. 


CHj CHjOH CH« 



I. Atropio acid II. Tropic acid III- Atrolactic acid 


Tropic acid was synthesized by Ladenbnrg from acetophenone." It 
contains an asymmetric carbon atom, and to it hyoscyamine owes its 
optical activity. 

The basic portion obtained from the hydrolysis of atropine or hyoscy- 
amine, namely tropine, is optically inactive. The two as 3 anmetric car- 
bon atoms in positions 1 and 5 compensate, and the 3-carbon atom is 
pseudoasymmetric. The molecule is symmetrical, and cannot be re- 
solved into active components. The tropine structural formula was 
developed chiefly by Merling and by Willstatter on the baids of the fol- 
" Ladmburg and oo-workers, Ber,, 18, 2041 (1880) ; 88, 2590 (1880). 
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lowing evidence. Tropine is a tertiary base containing an N-methyl 
group and an alcoholic hydroxyl. By gentle oxidation it is converted to 
a ketone, tropinone. 


NCH,3CH0H 

U 4I 

CH» CH CHs 

IV, Tropine 


CH, CH CH, 

I I 

NCH, CO 

I I 

CH, CH CH, 

V. Tropinone 


This ketone forms diisonitroso and dibenzylidene derivatives, and there- 
fore has two methylene groups adjacent to the carbonyl. Tropinone 
gives on further oxidation a dicarboxylic acid (tropinic acid, VI) with 
the same number of carbon atoms; hence the ketone group cannot be in 
a side chain. Application of the exhaustive methylation process to 
tropinic acid yields pimelic acid (compare the degradation of methyl- 
granatic acid, p. 1 182) containing a straight seven-carbon chain. Oxida- 
tion of tropinic acid, on the other hand, results in N-methylsuccinimide, 
whereby the position of nitrogen is shown and the pyrrolidine ring is 
revealed. 


CHr 

CH — 

1 

-CH, 

1 

< 

3H,-CHr-CH, 

1 

CHr-c/^ 


NCH, 

1 

COOH 


COOH 

1 >NCH, 

CHr 

1 

CH — 

-COOH 

• ( 

3Hr-CHir-COOH 



VI. Tropinic acid 


VII. Pimelic acid 

VIII. N-Methyl- 
auocinimide 


Tropine consists therefore of a fused piperidine-p 3 UTolidine skeleton 
in which the two ritig systems have nitrogen and two carbon atoms in 
common. The esters of tropine, of which many have been prepared, are 
called tropeines; the most important synthetic ester is mandelyltropeine, 
a powerful mydriatic known as homatropine. Atropine is d,i-tropyltro- 
peine, hyoscyamine is the Uvo form. 

CHj CH CH2 CH2OH 

I I /H I 

NCH, CHC«H 5 

I I 

CH2 CH CH2 

IX. Atropine, Hyoeoyamine 

The preparation of atropine from tropine and tropic acid was accom- 
plished by Ladenburg in 1879,®® and both components were later synthe- 
sized. For the preparation of tropine, Willstatter ®® chose suberone as 
the starting point. This ketone was converted to cycloheptene through 

•* Ladenburg, Ber., IS, 941 (1879). 

•• Willatfttter, Ber., 84, 181, 3163 (1901) ; Ann., SS8, 23 (1903). 



1196 


ORGANIC CHEMISTRY 


suberol and subeiyl iodide, or by exhaustive methylation of the amine 
resulting from reduction of suberone oxime. 


CHr-CHf-CH*v 

QILr-Car-CS./ 

X. Suberone 

CH*-CH2— CH*y 
, >CH 

CHs— CHj — CH^ 

XIII. Cycloheptene 


CHzy CH2\ 

>CHOH >CHI - 

-G&/ — Ch/ 

XI. Suberol XII. Suberyl iodide 

CH*— CH* — CHjv 
I >CHBr 

CHr-CHi-CHBr/ 


XIV. Cycloheptene 
dibromide 


CHr-CH*— CH*\ 

I >CHN(CH,)* 

CH;,— CH=CH/ 

XV. Dimethylaminocyclo- 
heptene 


CHr-CHj— CBL 

I 

XVI. Cycloheptadiene 


A second unsaturated linkage was introduced by the following ingen- 
ious device. Cycloheptene dibromide was treated with dimethylamine, 
yielding a tertiary amine, the methiodide of which could be degraded by 
Hofmann’s method (p. 1172) to trimethylamine and cycloheptadiene. 
Cycloheptadiene dibromide suffered loss of hydrobromic acid in the pres- 
ence of quinoline to give cycloheptatriene (XVII), identical with the 
tropilidene already known from the degradation of tropine. By addition 
of hydrogen bromide and subsequent reaction with dimethylamine, cyclo- 
heptatriene was converted to the amine, a-methyltropidine. Partial re- 
duction of a-methyltropidine, addition of bromine, and rearrangement 
of the dibromo compound led to 2-bromotropane methobromide, con- 
taining the desired nitrogen bridge. 


CHr-CH=CH 

in 

CH=CH— I:h 

XVII. Cycloheptatriene 

CHjt-CH 


CHr-CH- 




CHr-CH CH 

]ir(CH,), liH -► 

CH*— CH IH CHj-CHBr HBr 

XVIII. o-Methyltropidine XIX. Mrthyltropane dibromide 

-CH, CHr-CH CH, CHr-CH CH, 


IJICH, in icH, (IjHBr 

CH, — ^H HjH CH, — ^H ^H, 

yX- 2-Bromotropane methobromide XXI. Tropidine XXII. d-Bromotropaae 

CH*— CH CH* CH*— CH — — C H* CH*-— C H — ' -CHa^ 


in, 

-iHBr 


^ICH, inoH 
CH, ' ' ^H— — d/H, 

XXni. BMudotropixie 


icH, io 

Oh, — d/M — d/H, 

V. Troinnone 


ilrcH, 
CH,r“djH' 


l^H 


lY. Tropi&e 


From 2-bromotropane methobromide, hydrogen bromide was eliminated 
by the action of alkali, giving tropidine methobromide. Through the 
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usual steps for converting a quaternary halide to the tertiary base, tro- 
pine methobromide was tran^ormed to the methocUoride and the latter 
distilled ; tropidine (XXI) and methyl chloride were the products. From 
tropidine and hydrobromic acid, 3-bromotropane was obtained, which 
on hydrolysis with dilute sulfuric add yielded the stereoisomer, pseudo- 
tropine, instead of the expected tropine. Pseudotropine was therefore 
oxidized to tropinone, which could then be reduced to tropine. 

Another synthesis of extraordinary simplicity and elegance was de- 
vised by Robinson.®' Succinaldehyde, methylamine, and acetone (or 
better, caldum acetonedicarboxylate), on standing in alkaline solution, 
gave tropinone. 

CHi! CHO HCHj CH* CH CH 2 

HjNCHa CO NCHg CO 

I I I 

3HO HCH* CHa CH CH* 

A later synthesis by Willstatter likewise has its starting point in acetone- 
dicarboxylic acid.® The success of Schopf in carrying out the Robinson 
sjmthesis under physiological conditions (p. 1253) makes it seem probable 
that the plant employs a similar method. 

Scopolamine, also known as hyoscine, is an ester of the optically 
inactive amino alcohol scopine (XXV) with t-tropic acid. 

CH CH CHs 

O NCH, CH— OCO— CH— CaHs 

:H CH* CHgOH 

XXIV. Scopolamine 

Scopolamine is levorotatory, but is racemized with great ease, the d,l- 
form being atroscine. By hydrolysis of scopolamine under very mild 
conditions, with pancreatic lipase or with Michaelis’ buffer solution, 
Willstatter “ was able to obtain scopine itself (XXV). Scopine under- 
goes rearrangement with great ease into scopoline (osmne), which is the 
basic product obtained when scopolamine is hydrolyzed in the usual way. 

HO— CH CH CH, 



NCH* CH- 
CH— — CH— — CH, 
O- 

XXVI. Seopoline 


” RoWnaon, J. Chem. Soc., lU, 762 (1917). 

** WiUat&tter and Pfannonstid. 429. 1 (1921). 
•• Waistatter and Berner. Ber., 56. 1079 (1923). 
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Apoatropine (atropamine), found in belladoima root, can also be 
obtained from atropine or hyoscyamine by the action of dehydrating 
agents. It is an ester of tropine and atropic add (o-phenylacrylic add, 
I), and was obtained by combining these two substances before it was 
found in nature. 

Belladonnine, an isomer or pol3uner of apoatropine, was first isolated 
from belladonna root. It can be prepared by the action of hot baryta 
water on apoatropine. By vigorous hydrolyds with hydrochloric acid it 
can be broken down to 3-chlorotropane, showing that it contains t|ie 
tropine nucleus.™ . 

Norhyoscyamine (pseudohyoscyamine), from Driboisia, Scopdia, and 
Datura spedes, consists of tropic add esterified with nortropine (tropi- 
genine), a tropine containing the >NH group in place of >NCHa. 
Norhyoscyamine can be racemized easily to the corresponding d,WormJ. 
noratropine. The latter probably does not occur in nature but appears 
as a result of racemization of the active form. 

Meteloidine is a rare alkaloid of Datura meteloides and is an ester of 
tiglic acid with teloidine. Teloidine is believed to be dihydroxytropine 
and is closely related to scopine and scopoline.''^ 

HO— CH— CH CH 2 

I I 

NCH, CH0C0C=CHCH3 

I I i 

HO— CH— CH CH* CH, 

XXVII. Meteloidine 

The alkaloids of the atropine group dilate the pupil and paralyze the 
accommodation muscles of the eye. Atropine thus finds extensive use 
in ophthalmic practice. It has a stimulating action on the cerebrum and 
respiratory center. Hyoscyamine resembles atropine, but is stronger in 
action. Scopolamine has a stupefying effect, and is often used in com- 
bination with morphine, as well as in the treatment of morphinism. 

Coca Alkaloids. The leaves of ErythroxyUm coca, which have been 
used as a stimulant by the South American Indians for centuries, contain 
as the active principle cocaine, with which is associated a number of other 
alkaloids of closely related structure. The great importance of cocaine in 
medical practice ^ resulted in extensive cultivation of several Erythro- 
xylon species in Peru, Bolivia, Java, and Ceylon. The legitimate world 
production of coemne dropped from 6434 kg. in 1929 to 4010 kg. in 1933, 
probably because of increasing use of substitutes and more effective 
control of international trade. The League of Nations report for 1939 

™ Pidonovaki, BuU. toe. ddm., 14] 4B, 304 (1029). 

” Kiag, J. Chem. 8oe., UB, 476 (1910). 
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shows a world production of 3045 kg. The illegitiinate production is 
large, being unofficially estimated at 15,000 to 20,000 kg. 

Cocaine, Ci 7 H 2 i 04 N, is an ester; it is hydrolyzed by boiling water 
into benzoyl-i-ecgonine and methanol, or by acids and alkalies into 
Lecgonine, benzoic acid, and methanol. 


C17HS1O4N + 2H2O C9H1BO3N + CtHsO* + CHsOH 

Cocaine Z-Ecgonine Benzoic acid 


This process may be reversed, and in commerdal practice it is customary, 
especially with Java leaves, to hydrolyze all the ecgonine derivatives 
present (including the cocaine) to ecgonine. This base is then ben- 
zoylated with benzoic anhydride and the benzoylecgonine esterified with 
methanol and acid; methylation followed by benzoylation is also em- 
ployed. An amount of cocaine considerably greater than that ori^nally 
present in the leaves is thus obtained. 

Ecgonine is a tertiary base and forms quaternary halides with one 
mole of alkyl halide. The presence of the carboxyl and alcoholic hydroxyl 
groups is evident from the esterification reactions mentioned. The 
structural skeleton of ecgonine was disclosed through relationships to 
tropine. With dehydrating agents ecgonine passes into anhydroecgonine, 
an unsaturated acid, which decomposes in the presence of hydrochloric 
acid at 280“ into carbon dioxide and tropidine. The constitution of 
tropidine is discussed under the atropine group. 


CHj-CH CHCOOH 

|1 2 | 

NCH, 3 CHOH 
6 Is 4I 
CHi-CH CHj 

I. Ecgonine 


—CHCOOH 



— CH 


II. Anhydroecgonine 


CHr- CH CH* 

I I 

NCH, CH 

I II 

CH*-CH CH 

III. Tropidine 


The position of the hydroxyl and carboxyl groups of ecgonine rests 
on the following considerations, Ecgonine, like tropine, jdelds tropinone 
by chromic acid oxidation, and since the carbonyl can scarcely be formed 
except by oxidation of the alcoholic group, ecgonine must have the 
hydroxyl in the same position as has tropine. Willst&tter was able to 
demonstrate that the oxidation of ecgonine proceeds through an interme- 
diate keto acid, which loses carbon dioxide with great ease. The appear- 
ance of the keto acid excludes the possibility that the carboxyl and 
hydro 3 Qrl groups occupy the same carbon atom. Location of the carboxyl 
in a 7 -position to the hydroxyl is not in accord with the instability of the 
intermediate acid, hence only a /^-position comes into consideration. 

WiUst&tter and MCUer* Ber., 31, 2655 (X898). 
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Tropane, the parent substance of the ecgonine series, contains two 
asymmetric carbon atoms, C-1 and C-5, to which the nitrogen bridge is 
attached. These asymmetric atoms are equal and opposite in their rota- 
tory power, which results in internal compensation. Tropane is a meso- 
form, and has a symmetrical molecule. 




When a hydroxyl group appears on C-3 (as in tropine), the symmetry 
of the molecule is not destroyed; C-3 in tropine is pseudoasymmetric. 
The hydroxyl may occupy two positions with reference to the nitrogen 
ring, giving rise to tropine and pseudotropine, which are isomers 

and not optical opposites. 


CHir-CH CH2 

I I 

NCHs CH2 

I I 

CH*— CH CHs 


VI. Tropane 


CHr-CH CH* 

I I /OH (H) 

NCH, CC' 

I I (OH) 

CH*-CH CH2 

VII. Tropine, Pseudotropine 


The presence of a carboxyl group in the tropine or pseudotropine 
framework destroys the symmetry of the molecule. In addition to the 
new asymmetric atom carrying the carboxyl, carbon-3 now becomes truly 
asymmetric, and the asymmetric atoms 1 and 5, carrying the nitrogen 
bridge, become dissimilar. Sixteen optically active isomers would be 
expected, but C-1 and C-5 can have only one configuration because of 
the restriction imposed by the nitrogen bridge. Therefore only eight 
optical isomers and four racemates can exist.”’ ” A vertical projection 
of the three tropane ring planes of Figs. IV and V shows these isomers 
thus: 


HOOC HO OH COOH 

Tropane-3-«ifHd-2-ei8-ca]iK>xyU^ aoid 

^ WiUst&tter and Bommer, Ann,, 42S, 15 (1921). 

Manaich, Arch, Pharm,, STS, 324 (1934). 
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H,CN/ ''NCH, 

Tropane*3*(ra7ts-ol>2-frans-carboxylic acid 

The synthesis of ecgonine through reduction of tropinonecarboxylic 
ester (VIII to IX) led to the isolation of a racemic ecgonine methyl ester 
belonging to the pseudo series. On resolution the racemate 3delded 
d-pseudoecgonine methyl ester and the corresponding Worm, from which 
d-pseudococaine (the drug psicain) and t-pseudococaine, respectively, 
could be prepared by benzoylation. In the same reduction two other 
racemates were formed. One of these has not been resolved. The other 
belongs to the tropine series and after benzoylation was resolved into 
d-cocaine and the naturally occurring i-cocaine.*^® 

CHr~€HO CH2COOCH8 

H2NCH8 CO 

CHr~€HO CH2COOH 

Succinaldehyde Methylamine Acetonedicarboxylic acid 

monometbyl eater 

CH»— CH CHCOOCHs CH*— CH CHCOOCH* 

NCHs CO NCH, CHOH 

CH?-CH CH, CHr-CH CH, 

VIII. Tropinonecarboxylic eater IX. Kacemic ewonine and 

peeudoecgomne eater 

a-Ecgonine is an isomer of ecgonine in which both the hydroxyl 
and carboxyl groupts are located on carbon-3. It was prepared by addi- 

» WiUatatter, Wolfes, and M&der, Ann.. 434, 111 (1923). 
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tion of hydrogen cyanide to tropinone and hydrolysis of the resulting 
cyanohydrin. 

{-Cinnamylcocaine is the ester of methyl-2-ecgonine with cinnamic 
acid. It is the chief alkaloid of Java coca leaves {Erythroxyhn truxillense), 
a-Truxilline, also known as cocamine or 7 -isatropylcocaine, is an 
ester of two molecules of methyl-i-ecgonine with one molecule of a-trux- 
illic acid. jS-Truxilline (isococamine or 5-isatropylcocame) is the analo- 
gous ester with jS-truxillic acid. Both truxillines are present in Peruvian 
leaves. j 

Tropacocaine, which occurs in Java and Peruvian leaves, does not 
belong to the ecgonine series, but is a tropa alkaloid. On hydrolysis it 
yields benzoic acid and pseudotropine. In addition to the above-menl 
tioned alkaloids, coca also contains small amoimts of benzoyl-^-ecgonine,\ 
and the hygrine alkaloids, which have already been described. ' 

Cocaine is an exceedingly valuable therapeutic agent because of its 
paralyzing eiBFect on sensory nerve endings, with which is combined a 
local vasoconstriction. The latter action results in prolongation of the 
anesthesia by diminishing the speed of absorption; the delayed absorp- 
tion likewise decreases systemic toxicity by permitting gradual destruc- 
tion of the drug. Cocaine causes dilation of the pupils by central and 
peripheral stimulation of the pupillo-dilator mechanism. The relatively 
high toxicity of cocaine and its ability to produce a condition of euphoria, 
often leading to habituation, have resulted in the synthesis of numerous 
substitutes, as novocaine (the p-aminobenzoyl derivative of diethylam- 
inoethanol), i3-eucaine (benzoylvinyl diacetone alkamine hydrochloride), 
and psicain (d-pseudococaine acid tartrate). Tropacocaine is said to 
be more effective than cocaine as a local anesthetic, but has a disadvan- 
tageous hyperemic action. 

QUINOLINE GROUP. CINCHONA AND ANGOSTURA ALKALOIDS 

Cinchona Alkaloids.^^ Quinine and cinchonine, together with some 
twenty less important alkaloids of related structure, are found in the 
bark of several species of Cinchona and Remijia, frees native to high 
altitudes in the Andes. The bark of cultivated specimens of C. Udgeriana 
grafted on C. succiruba, as is customary m Java, may contain up to 10 
per cent quinine, or total alkaloids up to 17 per cent. The famous 
ledgeriana graft ''38n” contained in the trunk bark 18.5 per cent quinine 
(as sulfate) at the age of seven years. Commercial bark averages about 
7 per cent quinine (sulfate). The world production of quinine follows 
the demand closely, and averages between 600,000 and 700,000 kg. of 

Comandueci, ^'Die Konstitution der Chinaalkaloide,'’ m Ahrens* Samnil. chem, 
cAem.4ecA. Vortrdget VoL 16, p. 141 (1911). 
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quinine sulfate annually, 90 per cent of which is from the Dutch East 
Indies.^ The bases are combined in the plant tissue with character- 
istic acids, chiefly quinic (tetrahydroxyhexahydrobenzoic), quinovic 
(C30H46O5), and quinotannic (cinchotannic) acids. In commercial prac- 
tice, the pulverized bark is steeped in slaked lime and sodium hydroxide, 
and extracted at 60® with aromatic solvents, as benzene or toluene. The 
mixed alkaloids are then extracted from the organic medium with dilute 
sulfuric acid. When this solution is brought nearly to the neutral 
point with sodium hydroxide, the sparingly soluble quinine sulfate, 
Q2H2SO4 *81120, separates. The less valuable minor alkaloids are then 
precipitated with excess alkali. 

The parent alkaloid of the cinchona series, to which nearly half of 
the members are related, is cinchonine, C19H22ON2. Cinchonine con- 
sists of a quinoline nucleus linked through a secondary alcoholic group 
to a quinuchdine ring system carr3dng a vinyl group. 


CHOH— CH N~ 



CHa — CH — CH— CH=CH2 

I. Cinchonine 

The usual analytical procedure shows the absence of methoxyl and 
methylimido groups in cinchonine. The presence of the secondary alco- 
holic group is evident* from the results of acetylation and from the 
formation of the ketone, cinchoninone (VIII), in oxidation processes. 
The absorption of one mole of hydrogen by the catalytic method shows 
an ethylenic linkage. Cinchonine likewise adds halogens or halogen acids 
at the double bond. On treatment with hot concentrated alkali it is 
broken down to quinoline itself, or lepidine (4-methyIquinoline), as well 
as to other quinoline and pyridine derivatives. Zinc dust distillation 
yields chiefly quinoline; vigorous oxidation results in cinchoninic acid. 




The products of these degradations indicate a qiiinoline nucleus 
joined in the 4r-position with a second heterocyclic ring. This other ring 
was designated for many years as *^the second half,” and substances 

^ *'Chininum,** Bureau Tot Bevorduug van het Kinine-Qebruik, Ameterdam (1923). 
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derived from it were usually distinguished by the use of loipon or meros 
in their names. As fragments of the second half, Skraup was able to 
isolate after chromic acid oxidation the dibasic loiponic (C 7 Hii 04 N) 
and cincholoiponic (C 8 H 13 O 4 N) acids, and Koenigs found further a 
monobasic acid, meroquinene (CQH 16 O 2 N). 


COOH CH2COOH CH2COOH 



Loiponic acid proved to be a labile form of the S 3 m.thetically prepared \ 
hexahydrocinchomeronic acid (piperidine-3, 4-dicarboxylic acid)."^® Cin- \ 
choloiponic acid, a homolog of loiponic acid, can be converted by oxida- 
tion to loiponic acid, or by the action of hot sulfuric acid to 7 -picoline 
(4-methylpyridine). The structure developed for cincholoiponic acid 
(V) from these observations was confirmed by Wohrs synthesis.^® 

The third product of cinchonine oxidation, meroquinene, furnished 
the key to the structure of the second half. On oxidation with perman- 
ganate, meroquinene yields cincholoiponic acid and formic acid, or by 
heating with hydrochloric acid it passes into 3-ethyl-4-methylpyridine. 
These facts indicate that the vinyl group is in the jS-position to the nitro- 
gen atom in the second half. All three oxidation products under discus- 
sion are secondary bases. The nitrogen atoms in cinchonine are tertiary, 
and since no N-methyl groups are present, the nitrogen in the second 
half must owe its tertiary nature to linkage in a condensed ring system. 
Oxidation of the second half to meroquinene involves oxidative scission of 
a ring, with formation of a carboxyl and an imino group. 

ch2--<::h--€h---€h===ch2 ch2~ch~€h--<;h-=ch2 

7 4| 31 

6CH2 CH2 

6CH2 CH2 

CH* ~N CHa HOOC N- -CHa 

1 

H 

VII. jS>Vinylquiiiudidme VI. Meroquinene 

A quinuclidine ring synthesis leading to /3-ethylquinuclidine (which 
constitutes the second half in the imtural alkaloids hydrocinchonine and 
Iqrdroquinme) was accomplished by Koenigs.*'* 

” Koenigs, Ber., 90, 1326 (1897). 

" WoU and Losanitsch, Ber., 40 , 4698 (1907). 

•• Koenigs and Bernliart, Ber., 88, 3049 (1906). 



ALKALOIDS 


1205 


The point of linkage of the quinuclidine group to the rest of the mole- 
cule was shown by Rabe in studies on quininone and cinchoninone, the 
ketones* resulting from gentle oxidation of quinine and cinchonine, respec- 
tively. These ketones have a CH group adjacent to, and activated by, 
the carbonyl group, and on treatment with amyl nitrite break down to 
quinoline acids (quininic and cinchoninic respectively) and an oxime 
(IX), 3-vinyl-8-oximinoquinuclidine. 


CHa— CH— CH— CH=CH, 


i 

hi 


H, 


RCOOH 


CHr-CH— CH— CH=€Ha 

in. 

is. 


B^o— C h — S r bHj 

VIII. Quininone, Cinohoninone 


HON= 

IX. 3-Vinyl-8-oziminoquinudidine 


The structure of IX was evident from the results of hydrolysis, which 
yielded hydroxylamine and meroquinene. The quinuclidine group must 
therefore be joined to the quinoline portion through a — CHOH — 
group attached to that carbon atom which appears as a carboxyl group 
in meroquinene. 

Cinchonine and the other alkaloids of the cinchona group containing 
a vinyl group may be oxidized to the class designated as ‘‘tenines.'' 
Cinchotenine has a carboxyl group in place of the jS-vinyl residue in 
cinchonine; from quinine and cupreine, quitenine and cuprotenine are 
obtained. 

The cinchona alkaloids are further characterized by the ease with 
which they undergo isomerization. Of the seventeen or more cinchonine 
isomers that have been described by various investigators, at least eight 
are individuals. The most important of these are cinchotoxine and the 
natural alkaloid cinchonidine, which also results from treatment of cin- 
chonine with alkali. Cinchotoxine is a rearrangement product obtained 
by the action of heat on cinchonine salts; many of the cinchona alkaloids 
undergo a similar rearrangement to toxines, so called because of their 
poisonous properties. The isomerism is due to the following change, the 
so-called ‘^hydramine fission'': ^ 


R— CHOH-CH— >R— CO^Hi 

Cmchonizie CinobotosiiA 

The cinchonatoxines can be converted throng the (wchona ketones 
back to the alkaloids, a fact of great importance for synthesis (p. 1207). 

Quinine, C20H24O2N2, is the most important of the cinchona alkar 
loids because of its extenave use as a febrifuge and a n tim a l arial. like 

, “ Rabe, Ann.. 865, 363 (1909) ; Ber.. 41, 62 (1908). 

•• Rabe and Schneider, Ann., 865, 377 (1909). 
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cinchonine, quinine contains an alcoholic hydroxyl and a vinyl group, 
but possesses in addition a methoxyl group. By demethylation with 
hydrochloric acid it is split to methyl chloride and apoquioine, a phenolic 
base isomeric with the alkaloid cupreine. In the demethylation process 
a rearrangement takes place; methylation of apoquinine results in /9-iso- 
quinine, an isomer of quinine.** The portion of the quinine methoxyl 
group is evident from the appearance of 6-methoxyquinoline-4-carboxyUc 
acid (quininic add) in oxidations of quinine. 

COOH j 



X. Quininic acid 

The other products from the oxidation, namely meroquinene, cincholoi- 
ponic add, and loiponic acid, show that the quinuclidine portion is the 
same as in cinchonine; quinine is 6 -methoxycinchonine. 

A total synthesis of the complex structure present in the cinchona 
group has been accomplished by Rabe ^ in the preparation of the iso- 
meric alkaloids hydroquinine and hydroquinidine. Both these bases are 
present in cinchona bark; hydroquinine is formed when quinine is hydro- 
genated. The quininic acid necessary for the synthesis was prepared by 
condensation of p-anisidine with acetoacetic ester, followed by ring 
closure, elimination of the phenolic hydroxyl, and oxidation. 


CHs CHa 



** Hesee, Ann,, SOS, 322 (1880) ; Ber., S8, 1301 (1895) ; Jarzynski, Ludwiczakdwna, 
and Suszko, Rec. trat. iMm,, OS, 839 (1933). 

^ Babe, Himtenburg, Schultze, and Yolger, Ber., 04 , 2487 (1931). 
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The second necessary constituent, homocincholoipon, was prepared from 
3-ethyl-4-methylpyridine (^-collidine). j9-Collidine was condensed with 
chloral and the product converted to ethylpyridylacrylic add with so- 
diiun etiioxide. On hydrogenation, the ethylpsnidylacrylic add gave a 
mixture of four optically isomeric ethylpiperidylpropionic acids. Reso- 
lution of the ethyl esters of these adds witii tartaric add yielded in large 
part the desired homocincholoipon. 

N-Benzoylhomodncholoipon ethyl ester was condensed in the pres- 
ence of sodium ethoxide with quininic ethyl ester to hydroquinotoxine, 
and the toxine transformed by bromination into hydroquininone, which 
on hydrogenation gave, according to the conditions, hydroquinidine or 
the stereoisomeric hydroquinine, identical with the natural bases. 


CH, CH 

V 


COCeHs 

CO— CH, ]!j CH, 

ch.o-i^'YS 

CH, 


CH,CH0HCC1. ch==chcooh 


H 


ch,ch,cooh 

H 


c,h, c,h‘ 


H Br 

CO— CH, N— CO— CH, N- 


CHr-in— <3HCK, 


H 


CO— CHBr N— CO-CH— N— 




CHOH— CH — CH, 

(Ijh, 


(!;H, 

CHr-t!® — CHC,H, 


Extensive studies by Rabe “ on the stereochemistry (p. 336) of the 
numeroxis isomers in the cinchona series have shown that, in the sixteen 
cinchona alcohols investigated, the steric arrangement of asymmetric 
atoms 3 and 4 is the same. Each of the pairs of isomers, dnchonine and 


9 1 



dnchonidine (R' H, R ■» CH=*=»CHa), hydrodnchonine and hydro- 
dnchonidine (R' = H, R =* CaHs), quinine and quinidine (R' = OCHa, 

. •* Rabe, Bar.. U, 522 (1922) ; Ann., 491, 242 (1932). 
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R =» CH==CH2), hydroquinine and hydroquinidine (R' = OCH3, R 
=® C2Hfi), yields one ketone on oxidation. This fact, however, does not 
supply valid proof that the isomerism depends upon the configuration 
at C *9 alone, since the ketones exist in solution as an equilibrium mix- 
ture of two keto and two enol forms. 

C— H H— C— n/ Nn— C \n— C 

I I \ / II / II 

CO CO C— OH HO— C 


Reduction of the ketone regenerates the two alkaloids together with two 
new epimeric alcohols. On conversion of hydrocinchoninone to the 
desoxy derivative (at C- 9 , CO — » CH2), two stereoisomeric products 
are obtained, whence the conclusion can be drawn that both C -8 and C -9 
are involved in the isomerism of the pairs named above. The two new 
alcohols obtained from reduction of a given cinchona ketone complete 
the number of stereoisomers (four) to be expected from configurational 
differences at the asymmetric centers C -8 and C- 9 . 

Cupreine, C19H22O2N2, is found in the form of a molecular compound 
with quinine in the bark of Remijia species. It takes its name from the 
blue color of the bark. The structure of cupreine (R' = OH, R = 
CH=MI}H2) is evident from the fact that it is phenolic in nature, and 
on methylation is converted to quinine. The ethyl ether of dihydro- 
cupreine (R' = OC2H8, R *= C2H6), a homolog of dihydroquinine, is an 
effective agent for the treatment of pneumococcus infections, and is used 
as the hydrochloride imder the name “Optochin.” 

The cinchona alkaloids are marked by a toxic action on protoplasm, 
especially on low organisms, specifically on malaria parasites. Quinine 
is especially effective, and has in addition an antipyretic effect resulting 
from direct action on the heat-producing foci. 

Angostura Alkaloids. The bark of Galipea cusparia (Galipea offici- 
nalis, angostura bark), wMch is employed in the West Indies as a febri- 
fuge and finds further extensive use in bitter fiavoring extracts, contains 
a variety of quinoline bases. The structures of some of these, cusparine, 
galipine, galipoline, and 2 -n-amyl- 4 -methoxyquinoline, have been eluci- 
dated by E. Spilth; ” the nature of cuspareine and galipoidine is still 
imoertain. 

Galipine, C^oH2i03N, and cusparine, C19H17O3N, both srield proto- 
catediuic add when fused with alkali; this fact, together with the results 

«*8path and oo-woricera, Ber., ST, 1243, 1687 (1924); Monatah., 8S, 129 (1929); U, 
8S2(1»SQ). 
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of the methoxyl determination and the relationship of the empirical for- 
mulas, suggests that the second differs from the first only in containing 
a methylenedioxyl group in place of two methoxyl groups. Controlled 
oxidation of galipine results in 4-methoxyquinoline-2-carboxylic acid 
and verattic acid. 

OCH, 

X €H, 

# -COOH HOOC— ' OCH» 

4-MethoxyquinoUne-2-carbozylic acid Veratrio add 

The formula derived for galipine by linkage of these two fragments 
through a C2H4 chain was shown to be correct by synthesis. 4-Methoxy- 
2-methylquinoline was condensed with veratraldehyde in the presence of 
zinc chloride, and the unsaturated product hydrogenated; the resulting 
base was identical with natural galipine. By a parallel reaction with 
piperonaldehyde, cuspaiine was obtained. 


OCH, OCH, 



Galipine Cusparine 


Galipoline is a phenolic base, differing from galipine in its formula by 
CH2. On methylation it is converted to galipine. A choice between the 
three possible formulas was made by synthesis, and galipoline was shown 
to be a galipine dcmethylated at the 4-position of the quinoline nucleus. 
According to Schopf, these quinoline bases are probably formed in the 
plant through condensation of o-aminobenzaldehyde with various jS-keto 
acids (p. 1254). 

ISOQUINOLmE GROUP. IIESCAL, HYDRASTIS, BBRBBRIS, 

AHD OPIUM ALKALOIDS 

Alkaloids containing the isoquinoline (or tetrahydroisoquinoline) nu- 
cleus are scattered through a number of plant families, the Cadaceae, 
Pa-paveraceae, Ranuncidaceae, Menispermaceae, and others. Associated 
with them in a few cases are open-chain bases whose relationship to the 
cyclic alkaloids is close. 

Mescal Alkaloids. The flowering heads of several species of An- 
hdonium or Lophophora cactus, known as mescal buttons, have long 
been used as an intoxicant (“peUote,” “peyotl”) by the natives of Mex- 
ico and the southwestern portion of the United States. Dried slices of 



1210 


ORGANIC CHEMISTRY 


the plajit are chewed as a part of primitive ceremonial rites, and aqueous 
or alcoholic extracts from the buttons are also consumed for their exhila- 
rating effect. The excitement and the color and soimd haUuoinations 
experienced probably arise largely from the action of mescaline. 

Mescaline is oxidized by potassium permanganate to trimethylgallic 
add; its general behavior shows further that the basic portion of the 
molecule is not cyclic in nature. The structural formula rests on the 
syntheses of Spath ” and others.** Anhaline likewise has its nitrogen 
atom in an open chain, and is identical with hordenine, a base found in 
barley germs. 

Hs H: 


ch,oLJ 

OCHj 

I. Mescaline 


Hs 

NHj 


NdHj 
N(CH,), 



II. Anhaline (Hordenine) 


The remaining members of the anhalonium group, anhalamine, an- 
halonidine, anhalonine, pellotine, lophophorine, anhalinine, and anhali- 
dine, are tetrahydroisoquinoline types. 



OH Hi 


III. Anhalftfniim 



Pellotine and lophophorine are the N-methyl derivatives of anhalonidine 
and anhalonine respectively. Anhalinine represents the 0-methyl deriv- 
ative of aidralamine; anhalidine is the N-methyl derivative of anhala- 
mine. The structure of the entire series has been demonstrated by syn- 
thesis.** The synthetic methods for the individual members of the group 
vary, but the synthesis of anhalamine may serve as an example. 3,4- 
Dimethoxy-5-benzyloxybenzaldehyde (VI) was condensed with nitro- 
methmie, and the w-nitrostyrene derivative (VII) so obtained was 
reduced to the corresponding /3-phenylethylamine derivative (VIII). 
Condensation of the phenylethylamine with formaldehyde resulted in 
closure of the tetrahydroisoquinoline ring (IX), and on removal of the 
baizyl group by hydrolysis a nhal a mi ne was obtained. 

MtmaUh., 40, 120 (1910). 

**Slotta amd Heller, Her., SS, 3020 (1030) ; Kindler iind Pesohke, ArcA. Pharm., STOi 
410 (1932) ; Hdm and Waasmuth, Her., 67, 606 (1934). 

M SjAth and Beoke, 66, 327 (1936). 
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Vjh 


CHaO 


NO* 


CHaO 

*CHaO' 



H, 


CH, 

1 

NH* 


OCH*C*Ha 

VII 


6CH2C6HP 

VIII 


HCHO 


CHsOi 

CHao' 



IX 


III. Anhalamine 


The tetrahydroisoquinoline ring closure, VIII to IX, might take place 
either ortho or para to the benzyloxyl group. A decision in favor of the 
or/Ao-position was reached by degradation of anhalamine ethyl ether, 
which yielded the anhydride X, instead of XI, which must have resulted 
from the alternative possibility. 


CHaO^^C^ 

CHaOk^do 

I 

OCaHs 

X 


CaHsO^^^/CO 

L I ^ 

CHaOSi^CO 

1 

OCHa 

XI 


Hydrastis Alkaloids. The rhizomes of Hydrastis canadensis (golden 
seal) contain the three alkaloids hydrastine, berberine, and canadine, of 
which hydrastine, C2iH2i06N, is the most important. It is closely re- 
lated to the opium alkaloid narcotine, which is 8-methoxyhydrastine; 
the two bases present a complete analogy in their reactions. 

Hydrastine is a tertiary base carrying a methyl group on nitrogen. 




I. Hydraatine 
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Two melltoxyl groups and a methylenedioxyl group are present; the 
remaining two oxygen atoms are found in a lactone linkage. 

The hydrastine structural formula was developed largely through the 
researches of Freund and of E. Schmidt. On oxidative hydrolysis, the 
molecule is split into hydrastinine and opianic acid; “ the structure of 
the latter is known from relationships to methylvanillin (decarboxyla- 
tion) and to hemipinic acid (oxidation). On heating alone, hydrastine 
yields as the non-basic part meconin, the lactone of meconinic acid. 


CHO 



OCH, 

IV. Methylvanillin 
(Veratraldehyde) 



OCHa 

V. Opianic acid 


COOH 

iCOOH 

CHa 

OCHa 

VI. Hemipinic acid 


Ha 

C- 


-O 


1 ^. 

OCHa 

VII. Meconin 


The basic portion from the above oxidative hydrolysis, hydrastinine, 
behaves as an aldehyde and as a secondary amine. Numerous reactions, 
as well as evidence from absorption spectra, indicate that hydrastinine 
(like its analog cotamine) exists in three tautomeric forms: 


H2C< 



NHCHa 


CHO 


Imino aldehyde 


H* 



H* 



Salt formation takes place through the quaternary ammonium form 
with loss of a molecule of water (Formula XII). Reduction of hydrasti- 
nine salts results in hydrohydrastinine (XV), an N-methyltetrahydroiso- 
quinoline derivative. 

^ Freund and Will, Ber., SO, 88 (1887). 



ALKALOIDS 


1213 


Exhaustive methylation of hydrastinine gives the nitrogen-free alde- 
hyde, hydrastal (VIII). The constitution of hydrastal rests upon oxida^ 
tion to hydrastic acid (IX), the methylene ether of 4,5-dihydroxyphthalic 
acid. Hydrastic acid is known as the end product from the degradation 
of many natural substances, and has been synthesized in several ways. 


-rCX”'* 

^CHO 

VIII. Hydrastal 


-r^ooH 

0— k^COOH 


IX. Hydrastic add 


The therapeutic value of hydrastinine in reducing uterine hemorrhage 
has led to the development of practicable syntheses through modifica- 
tion of Decker's method.*^ In this synthesis, formylhomopiperonylamine 
is subjected to a Bischler-Napieralski reaction,®* a cyclodehydration 
accomplished in the presence of phosphorus pentachloride, and the re- 
sulting norhydrastinine is converted to hydrastinine salts by the action 
of methyl halides. 



X. Formylhomopiperonylamine XI. Norhydrastinine 

n. 



XII. Hydrastinine chloride 

Hydrastinine can also be prepared from the less valuable eotamine 
(8-methoxyhydrastinine), a degradation product of narcotine. Cotar- 
nine is reduced in acid medium to hydrocotamine (XIV) (p. 1220), 
which, on further reduction with sodium and alcohol, suffers replacement 
of the methoxyl group by hydrogen.** The resulting hydrohydrastinine 
(XV) is converted by oxidation into hydrastinine. 

Rosenmundy Ber. deuL pharm. Oes,, 29, 200 (1919) ; Kindler and co-workers, Ann., 
431 , 228 (1923) ; Arch. Pharm., 265 , 389 (1927) ; 270 , 353 (1932). 

Decker and co-workers, Ann., 390 , 299, 321, 328 (1913). 

Bischler and NapieralsU, Ber., 26 , 1903 (1893). 

** Pyman and Remfry, J. Chem. Soc., 101 , 1595 (1912). This unusual type of reaction 
hai^ been observed with a number of derivatives of pyrogallol trimethyl ether. 
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H,C< 



«<§?■ — 



OCH, 

XIII. Cotarnine chloride 


■jHj Na— Eton 

CHa 
H, 

OCHa 

XIV. Hydrocotarnine 


HaCK 




Ha 


N— CHa Cro, 

Ha 

XV. HydrohydraBtinine 


Hj804 „ ^ .0- 

* HaC< 



|Ha 




XVI. Hydraatinine Balt 


Linkage of the meconin and hydrastinine nuclei as in formula I is 
assumed in analogy with the structure demonstrated for narcotine (p. 
1220). Attempts to synthesize d,J-hydrastine by a method successfully 
employed in the preparation of d,l-narcotine have resulted in two inac- 
tive hydrastine isomers, whose relation to natural J-hydrastine is not 
known.®^ 

The alkaloid berberine, C 20 H 19 O 6 N, is found not only in Hydrastis, 
but also in a number of unrelated plant families, notably the Berherida-- 
ceae, from which it takes its name. The structural formula has been 
developed largely through the researches of W. H. Perkin, jun.®* 

Berberine, like hydrastinine and cotarnine, forms its salts with loss 
of a molecule of water and, like these bases, behaves as though it existed 
in three forms: 



Information concerning the structure of berberine has been obtained 
largely through oxidation. With permanganate, hemipinic acid, hydras- 
tic acid, oxyberberine, and berberal are obtained; with nitric acid, ber- 
beronic acid results. 

•*Hope, Pyman, Hemfry, and Robinson, ibid., 236 (1931). 

•• PerJdn, jiin., ibid., 66, 63 (1889) ; 67 , 992 (1890) ; Perldn and Robinson, ibid., 97 
306 (1910); Perkin, ibid., 113, 492, 722 (1918), 
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COOH 



COOH 

VI. Hemipinio add IX. Hydzastic add XVIII. Berberonic add 


The construction of a reasonable berberine formula from these smaller 
fragments was accomplished through a study of berberal. This base 
breaks down in hydrolytic processes into noroxyhydrastinine and pseudo- 
opianic acid; these two components can also be united with loss of water 
to give berberal. Pseudoopianic acid is an isomer of the opianic and 
metaopianic acids arising from the degradation of narcotine and crypto- 
pine, respectively; in combining with noroxyhydrastinine it is assumed 
to react in the hydroxyphthalide form (XXI), and the product, berberal, 
is given the structure XIX. The structure of noroxyhydrastinine was 
shown by the relationship to the N-methyl derivative oxyhydrastinine, a 
substance obtained from hydrastinine by Cannizzaro^s reaction. 

From a consideration of berberal and of the reactions of berberine, 
Perkin, Gadamer,®^ and Faltis advanced the now accepted formula of 
berberine, which has been substantiated by several syntheses.®® The 



synthetic methods have in general as their goal oxyberberine (XXV), 
a base that has been obtained by gentle oxidation of berberine, or that 
is formed along with hydroberberine by a Cannizzaro intermolecular 
oxidation-reduction reaction when berberine is heated with alkali. In 


Gadamer, Arch. Pharm., SS9, 6^ (1901). 

•• Faltis, Monatah., SI, 567 (1010). 

*• Pictet and Gama, Compt. rend., ISS, 1102 (1911) ; 163, 385 (1911) ; Ber., U. 2036, 
2480 (1911) ; Perkin, J. Chem. Soc., IIS, 737 (1018) ; Haworth, Perkin, and Rankin , ibid., 
US, 1586 (1924) ; Perkin, RSy, and Robinaon, ibid., U7, 740 (1926) ; SpSth and (Juieten- 
ak^, Ber., SS. 2267 (1925). 
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this change, berberine must be considered as reacting in the pseudo-base 
form XVIIa. Oxyberberine can be reduced to tetrahydroberberine, and 
the latter converted to berberine by oxidation. The oxyberberine syn- 
thesis of Perkin, Ray, and Robinson consisted in condensation of homo- 
piperonylamine and meconincarboxyUc acid to an amide (XXIV), which 
was then subjected to a Bischler-Napieralski isoquinoline ring closure. 
This resulted in an intermediate, which was reducible to oxyberberine. 



Berberine is relatively inactive physiologically; in large doses it exerts 
a paralyzing effect of central origin. It has been variously recommended 
as an oxytocic, as an antimalarial, and as a cure for morphinism. 

Canadine is i-tetrahydroberberine,*^* and occurs also as the dextro 
form in Corydalis along with other alkaloids (corydaline, corybulbine, 
etc.) closely related to berberine. 

Opium Alkaloids.^^ Opium is the dried latex from the unripe seed 
capsules of the opium poppy, Papaver somniferum, and has proved to be 
one of the richest sources of alkaloids. The bases occur in part in the 
free state, in part combined with sulfuric, lactic, acetic, or meconic acids. 
Most of them are derivatives of isoquinoline or tetrahydroisoquinoline; 
the remainder (morphine group) are probably related phytochemically 
to those of the isoquinoline group,^* * and are most conveniently con- 
sidered under this classification. 

Because of the great unportance of opium and its alkaloids in medi- 
cine, the world production is enormous. In 1939, 1,123,164 kg. of raw 
opium were reported to the League of Nations, and in the same year the 
manufacture of 27,238 kg. of morphine alkaloid was recorded. These 
figures, however, do not include the huge quantities produced illegiti- 
mately to supply the needs of opium and morphine addicts. The clan- 
destine production probably exceeds 6000 tons of opium. 

Oadamer, Arch. Pharm.^ 248 , 43 (1910). 

101 Sp&th and Julian, Ber., 64 , 1131 (1931). 

100 Small and Lutz, ^'Chemistry of the Opiiim Alkaloids,*’ U. S. Government Printing 
Office (1932) ; Kappelmeier, “Die Konstitutionserforschung der wichtigsten Opium Alka- 
loide,*' Ahrens* Samnd. chem. chem.-tech. Vcrtr&ge, Vol. 18, p. 225 (1912). 
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Papaverine, C20H21O4N, is found in all parts of the growing poppy, 
and is present in opium to the extent of about 0.5 to 1 per cent. Its 
structure as tetramethoxy-l-benzylisoquinoline was elucidated in a long 
series of researches by Goldschmiedt.^®® These investigations constitute 
an excellent example of the application of oxidative degradation to struc- 
ture determination. By gentle oxidation of papaverine, the secondary 
alcohol papaverinol is formed; more vigorous treatment yields the cor- 



I. Papaverine SU* Papaveraldine III. Papaverinio add 


responding ketone, papaveraldine,^®® or finally the dibasic acid, papav- 
erinic acid.^®® 

On more complete oxidation, the fragments obtained are veratric 
acid, metahemipinic acid, 2,3,4-pyridinetricarboxylic acid, and 6,7- 
dimethoxyisoquinoline-l-carboxylic acid.^®® 

COOH 

O CHaOr^^^^COOH HOOCr^^^^ 

OCH3 CHsqU^^COOH HOOcl^N 
OCHa COOH COOH 

Veratric acid Metahemipinic add 2,3,4-Pyridinetri- Dimethoxyisoquino- 

carbozylic add line-l-carboxylio 

add 

On fusion with potassium hydroxide, papaverine 3delds, among other 
products, 6,7-dimethox3dsoquinoline and dimethylhomocatechol.^®^ 

CHa 

CHsO^Jv^N ^^OCH, 

OCH, 

6,7-DimethozyiBoquinolme Dimethylhomocatechol 

The mode of union of these fragments in papaverine is evident: the 
appearance of two methoxyl groups in each portion, as well as in the 
oxidation products above, shows tl^t the methoxyls do not take part in 

OoldBchmiedt, MoruUth., 9, 778 (1888). 

(Jadamer and Sohulemann, Arch, Pham., 963, 284 (1016). 

Ooldsohmiedt, Monatih., 6, 054 (1885) ; 7, 485 (1886). 

' »» Ooldachmiedt, ibid., S, 372 (1886) ; Ooldsiduniedt and Straehe, ibid., 10. 602 (1880). 
>"<36ldwhiniedt, ibid., 8, 610 (1887). 
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the linkage; a direct union of two aromatic nuclei would not explain 
the ease with which they separate. Linkage through a methylene group 
at the point where the carboxyl of dimethoxyisoquinoline-l-carboxylic 
acid is found gives a satisfactory explanation of these facts and of the 
other reactions of papaverine. 

Papaverine was first synthesized by Pictet and Gams by a method 
that gave complete confirmation to the accepted structure. As starting 
substances for this synthesis, veratrole (o-dimethoxybenzene) and vera- 
tric acid (3,4-dimethoxyben2oic acid) were chosen. By the Friedel and | 
Crafts reaction veratrole was converted to acetoveratrone, and the isoni- 
troso derivative of acetoveratrone was reduced with tin and hydrochlo- 
ric acid to aminoacetoveratrone (IV). Interaction of aminoacetovera- 
trone hydrochloride and homoveratroyl chloride (V) yielded the amide, 
«-(homoveratroylamido)acetoveratrone (VI). By selective reduction of 
the ketonic carbonyl group of VI with sodium amalgam, the correspond- 
ing secondaiy alcohol, homoveratroylhydroxyhomoveratrylamine, was 
obtained. This substance, heated in xylene with phosphorus pentoxide, 
lost two molecules of water, closing the isoquinoline ring to give papaverine. 


O 



TV V 

H OH 
\/ 



vu 

«" Fiotot and Oama. Btr., «t, 2043 (1009). 


O 
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Numerous other s 3 mtheses have been developed; it is reported that 
secret processes developed by drug manufacturers permit the synthesis 
of papaverine on any desired scale. 

Papaverine causes light narcosis, in larger doses tetanus and respira- 
tory paralysis. It has an antispasmodic action on smooth muscle and is 
used (chiefly in Europe) to relieve bronchial or intestinal spasms, and in 
obstetrics. 

Laudanosine, C21H27O4N, is found in opium in small amounts, and 
is closely related to papaverine. Its structure as dexfro-tetrahydro-N- 
methylpapaverine was demonstrated by reduction of papaverine metho- 
chloride with tin and acid, and resolution of the resulting d,i-tetrahydro- 
N-methylpapaverine (racemic laudanosine) ; the dextro form was iden- 
tical with laudanosine.^^® The first complete synthesis of laudanosine 
was carried out by Pictet and Finkelstein and is of interest as the 
first synthesis of an opium alkaloid. In connection with laudanosine, 
the rare opium alkaloids laudanine, laudanidine, and codamine may be 
mentioned. Laudanine is the racemic form of 3'-demethylo-tetrahydro- 
N-methylpapaverine; laudanidine is the levo form of the same base.^^* 
Codamine represents racemic 7-demethylo-tetrahydro-N-methylpapav- 
erine.^^^ 




Laudanidine 

The location of the phenolic hydroxyl groups in laudanine and co* 
damine was shown by Spath through the device of ethylation and subse- 
quent oxidation. From ethyllaudanine, 3-ethoxy-4-methoxybenzoic acid 
was obtained, from ethylcodamine, an isoquinoline derivative carrying 
the ethoxyl group in position 7 j the structure of both alkaloids was then 
confirmed by synthesis. 

10 . Haworth, and Parkiii, jun., J. Chem* 8oc*t US, 2176 (1924) ; Roaa ninim d, 

Nothnagel, and Bieaenfeldt, Her., 60, 392 (1927) ; Sp&th and Burger, Ber., SO, 704 (1927); 
Buck, J. Am. Chem. Soe., 62, 3610 (1930); Spftth and Berger, Ber., 6S, 2098 (1930); 
Mannich and Walther, Arch. Pharm., 260, 1 (1927). 

1“ Pictet and AUumasescu, Ber., 88 , 2346 (1900). 

Pictet and Finkelstein, Ber., 42, 1979 (1909). 

nt spgth and Lang, MemUsh., 42, 273 (1921). 

lUSpfttb and Bemhauer, Ber., 68 , 200 (192S); SpOth and Burger, Itonateh., 47, 
733 (1926). 

SjAth and Hpston, Ber., 09, 2791 (1926) ; 61, 334 (1928). 
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The alkaloid narcotine, C 22 H 23 O 7 N, occurs in opium as the free base 
in amounts up to 10 per cent or more. It differs structurally from hydras- 
tine (p. 1211 ) only by the presence of a methoxyl group in the 8 -position. 
On oxidative hydrolysis it is broken down to cotamine (the methoxy ana- 
log of hydrastinine) and opianic acid.“*’ From reductive hydroly- 
sis, the fragments are meconin and the previously known opium alkaloid 
hydrocotamine.“* 


H* 



OCHa 


Narcotine 


Meconin 


Cotamine presents in its reactions and tautomeric behavior a complete 
analogy to hydrastinine. On reduction it yields hydrocotamine, the ana- 
log of hydrohydrastinine; on oxidation the product is cotarnic acid 
(methoxyhydrastic acid). When treated with bromine, cotamine is con- 
verted to a series of hydroxyisoquinoline betaines known as tarconines.^®* 
The structural formula of narcotine, like that of hydrastine, was 
evolved by joining in the most reasonable manner the products identified 
from degradation. The presence of a tertiary nitrogen atom shows that 
the nitrogen-containing portion m narcotine has the isoquinoline struc- 
ture of hydrocotamine and not the open-chain amine (or tautomeric) 
form of cotamine. The lactone nature of narcotine indicates the mec- 
onin, rather than the opianic add, grouping for the nitrogen-free portion, 
and the appearance of two aldehyde groups (in cotamine and opianic 
acid) in oxidative degradation shows the points at which the two frag- 
ments are joined.^^^ The structural concept so reached was confirmed by 
the synthesis of Perkin and Robinson.^® Meconin and cotamine (the 

W6hler, Ann., 50, 1 (1844). 

Beckett and Wri^t, J, Chem, Soc., 28 , 573 (1876) ; Rabe and McMillan, Ber., 48 , 
800 (1010). 

Roaer. Ann., 864 , 356 (1889). 

Perkin and Robinson, J. Chem. Soc., 89 , 775 (1911). 
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latter probably reacting as the pseudo-base) were condensed, giving the 
opium alkaloid gnoscopine, which is d,Z-narcotine; the Uvo form is 
natural narcotine. Since both of the constituents have been synthesized, 
this constitutes a complete narcotine synthesis. 

The Morphine Alkaloids. Morphine was the first organic base to be 
isolated and characterized as such (Sertiimer, 1805) ; it is today one 
of the most useful drugs known. Opium may contain as much as 20 per 
cent morphine, but the average is in the neighborhood of 10 per cent. 
Smoking opium, a specially prepared form, has about 8 per cent mor- 
phine.^^ The methyl ether of morphine, known as codeine, and the third 
member of the morphine group, thebaine, are present to the extent of 
about 0.5 per cent in opium. It is not known with certainty whether 
morphine and codeine occur in any plant but Papaver somniferum; 
thebaine has been found in Papaver orientale. 

No group of alkaloids has offered more stubborn resistance to solu- 
tion of the structural problem; since 1889, when the first well-founded 
speculation appeared (Knorr ^^^), no less than twenty structural formulas 
for morphine have been proposed by eminent workers in the field.^®^ The 
most probable of these, advanced by Gulland and Robinson in 1925,^ 
is based upon the enormous amount of experimental evidence that has 
been accumulated in the last four decades, and explains best the compli- 
cated and exceptional reactions of the morphine group. 



Of the three oxygen atoms in morphine, C17H19O3N, one is present 
in a phenolic hydroxyl, one in an alcoholic hydroxyl, and the third is in- 
different, in an ether linkage. The nature of the last-named was shown 
by Vongerichten through his studies on methylmorphenol. This sub- 
stance is formed in the last step of the exhaustive methylation of mor- 
phine (or codeine) through a reaction peculiar to the morphine series. 

Kromeke, “Fr. Wilh. Sertiimer, der EntdeckerdesMorphiums,” Fischer, Jena (1925) 
120 Simons, /. Ind. Eng, Chern,, 8 , 345 (1916). 

Knorr, Bcr.. 28 . 1113 (1889). 

^22 Gulland and Robinson, J, Chem, Soc., 123 , 980 (1923). 

' Vongerichten, Ber.. 30 , 2439 (1897) ; 31 . 3198 (1898) ; 33 , 352 (1900). 
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Methylmorphenol is 3-methoxy-4,5-pheiianthrylene oxide; it can be 
transformed to 3-methoxy-4-hydroxyphenanthrene (methylmorphol) by 
reduction with sodium and alcohol, or to 3,4,5-trihydroxyphenanthrene 

CH,0 OH 

IV. Methylmorphol 

by alkali fusion. The location of two of the morphine oxygen atoms and 
the presence of the phenanthrene nucleus are thus demonstrated. By 
zinc dust distillatiion of morphine and its derivatives, phenanthrene itself \ 
is obtained. ' 

Botii hydroxyl groups of morphine are acetylated by acetic anhy- 
dride, yielding diacetylmorphine, whose hydrochloride is the important 
narcotic heroin. With chlorinating agents only the alcoholic hydroxyl 
group is attacked, and a phenolic halogenated base, a-chloromorphide, 
results; at the same time small amounts of an isomer, /^chloromorphide, 
are formed. The /3-isomer represents a rearrangement product of the 
<x-compound, and can be prepared from it; the nature of the isomerism 
is not certain, but it is probably due to attachment of the halogen at a 
different point in ring III, i.e., at carbon-8. 

The two chloromorphides can be hydrolyzed to three isomers, known 
as fi-, and y-isomorphine.“* No morphine is regenerated in the 
hydrolysis. In nearly all morphine studies, structural determination has 
been made in the methyl ether (codeine) series because of the greater 
stability and more agreeable physical properties of these derivatives. 

In the reactions under consideration, codeine, through a- or j8-chloro- 
codide, is converted to isocodeine, allopseudocodeine, and pseudocodeine, 
corresponding respectively to a-, /S-, and y-isomorphines. 

Knorr *** was able to show that codeine and isocodeine can be oxidized 
at the alcoholic hydroxyl group to give the same ketone, codeinone; the 
isomerism depenck therefore only upon the spatial arrangement of hydro- 
gen and hydro^Qrl in these two diastereoisomers. Coddnone, moreover, 
can be degraded to 3,4,6-trimethoxyphenanthrene. The alcoholic hy- 
droxyl group in codeine and isocodeine, as well as in morphine and 
ofisomorphine, must be located on carbon-6. By a similar method, 
throu^ pseudocodeinone and 3,4,8-trimethox3rphenanthrene it was 
i^wn that in allopseudo- and pseudo-codeines the hydroxyl group is on 

>*< Leea, J. Chem. Soe., U, 1408 (1907) ; Opp4, Ber., 41, 976 (1908). 
m Knorr and HAMn. Ber., 4A, 2032, 3341, 4889 (1907) ; Knonr, Ber., 36, 3074 (1903) 
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carbon-8. The nuclear posilions -6 and -8 are thus excluded as posable 
points of attachmoit of the nitrogen-containing ring. 



The presence of the alicyclic double bond in morphine and codeine 
and in the isomers can be demonstrated by catalytic hydrogenation; in 
pseudocodeine and allopseudocodeine a tendency to add four atoms of 
hydrogen with reductive scission of the 4,5-ether linkage is seen, a phe- 
nomenon that is undoubtedly connected with the allyl ether structure 
of these bases. The position assigned to the codeine double bond depends 
upon reactions of the methylmorphimethines. 



Satisfactory proof of the position of the nitrogen-containing ring in 
the morphine series has been most difficult to obtain. The nitrogen atom 
is tertiary and carries a methyl group. When codeine methiodide is 
heated with alkali, the nitrogen ring is broken in the usual way and the. 
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product is a-methylmorphimethine.^ Under the influence of alcoholic 
alkali, o-methylmorphimethine is transformed to an isomer, ^S-methyl- 
morphimethine. The change is believed to be due to a shift of the 
7,8-double bond to a position (-8,14) in conjugation with the new un- 
saturation at -9,10, and is one of the chief reasons for placing the 
morphine double linkage at position -7,8. These two methine bases 
yield the same tetrahydro derivative, showing that the isomerism is 
due only to a difference in position of the double bond. By the same 
degradation process, isocodeine ^ves y-methylmorphimethinc, which! 
likewise can undergo rearrangement. From pseudocodeine and allo-' 
pseudocodeine, however, methylmorphimethines (e- and f-) are obtained 
in which the location of the unsaturation and hydroxyl is such as to 
preclude a shift to form a conjugated system.^^' 

When the methylmorphimethines are heated with acetic anhydride, 
they break down into methylmorphol (IV) and /3-hydroxyethyldimethyl- 
amine, (CH3)2NCH2CH20H. The nitrogen atom in the methines and 
in morphine is evidently linked with two carbon atoms in a chain which 
is easily separated as a whole from the phenanthrene nucleus. Degrada- 
tion of the methylmorphimethine methiodidcs with alkali by the usual 
Hofmann procedure also results in loss of the chain in the form of tri- 
methylamine and ethylene. The point of attachment of the nitrogen 
atom to the nucleus in morphine rests on Knorr^s studies of 9-hydroxy- 
codeine, a derivative obtained by gentle oxidation of codeine. The 
methylmorphimethine formed in the first step of the degradation of this 
hydroxycodeine is a ketone, hence the new hydroxyl group must be 
located on a carbon atom that becomes unsaturated when the nitrogen- 
containing ring opens. 



Only positions -9 or -10 are possible for the carbon atom in question, for 
acetolysis of the methine results in a methoxydiacetox 3 rphenanthrene 
that cannot be oxidized to a phenanthrene-9,10-quinone without loss of 
an acetoxyl group. On steric grounds, attachment at 9 is most probable. 

^ Hesse, Ann., 822, 203 (1883). 

^ Knoir and co-workers, Rer., 35, 3009, 3010 (1902) ; 89, 4412 (1906) ; 40, 3844 (1907) ; 
Schrsnrer and Lees, J. Chem. JSoc., 79, 563 (1901) ; Wieland and Koralek, Ann., 483, 267 
(1923). 

Enorr and co-workers, Ber., 89, 1414 (1906) ; 40, 2042 (1907). 
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Because of the great lability of the ethanamine chain, the location of 
its other end has been fraught with much difficulty. Treatment of mor- 
phine with various acidic reagents results in apomorphine, in which 
Pschorr demonstrated, both by degradation and by synthesis, that the 
chain is linked at position This position is untenable for morphine, 
however, because of the evidence cited above for the structure of pseudo- 
codeinone. Thebaine, which is known through its relationship to 
codeinone and to dihydromorphine dimethyl ether to contain the funda- 
mental morphine skeleton, may give through the action of hydrochloric 
acid either morphothebaine (chain on carbon-8) or thebenine, in which 
the chain is unquestionably attached at carbon-5.^®® 





The generally accepted location of the chain at carbon-13 was devel- 
oped in an attempt to account for the extraordinary tendency shown by 
all the members of the morphine group to lose the entire ethanamine side 
chain in degradative reactions. Linkage at a quaternary carbon atom 
(position -13 or -14) is the only arrangement under which it becomes 
necessary for the side chain to shift (to position -5 or -8) or separate from 
the molecule when aromatization of ring III or of the whole phenanthrene 
nucleus takes place. Position -14 is improbable because it does not per- 
mit of a reasonable structure for thebaine. Schopf * was able to substan- 
tiate the structural theory of Gulland and Robinson by a study of the 
Beckmann rearrangement of dihydrocodeinone oxime (XIV), which 
resulted in formation of an aldehyde (XV), instead of the ketone that 
would be expected if the chain were attached in position -5. 

Pschorr and co-workers, Ber., 40, 1998 (1907) ; 6S, 321 (1929) ; Spath and Hromatka 
Ber., 68, 325 (1929). 

^laoGuUand and Virden, /. Chem. Soc., 921 (1928). 
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Thebaine (II) is regarded as the methyl ether of the enol form o^ 
codeinone (VII), and csan be converted to codeinone by gentle hydrolysis.’ 
When the two hydroaromatic double bonds present in thebaine are 
saturated, dihydromorphine dimethyl ether is obtained. 

In recent years, exhaustive researches have been carried out to deter- 
mine the structural features responsible for the physiological action of 
morphine.^*^ It may be stated briefly that the presence of the phenolic 
hydroxyl is essential for high analgesic action, while the alcoholic hy- 
droxyl appears to exert an opposite effect. When the alcoholic hydroxyl 
group is replaced by hydrogen, or methylated, a great increase in anal- 
gesic power is observed. Morphine alcoholic methyl ether, for example, 
is approximately one hundred times as effective in this respect as the 
phenolic methyl ether (codeine). If the nitrogen- or oxygen-containing 
rings of morphine are opened, a great decrease in physiological action 
results. 

Neopine, a recently discovered rare member of the morphine group, 
represents a codeine in which the alicyclic unsaturation lies between car- 
bons-8 and -14. It is converted to dihydrocodeine on hydrogenation, or 
directly to jS-methylmorphimethine in the first step of Hofmann’s degra- 
dation.'®* 

An alkaloid having a structural skeleton similar to that of the mor- 
phine group is found in the Japanese vine Sinomenium aculum}^ This 
base, sinomenine, is a 7-methoxy derivative of the keto phenol thebainone 
in the morphine series. 



Small, Eddy, Mosettig, and HimmelBbach, **Studies on Drug Addiction," U. S. Gov- 
anunant Printing Office (1038). 

Van Duin, Eobinsoii, and Smith, J, Chem, Soc., 003 (1026). 

Hondo and Ochiai, Ann., 470, 224 (1029). 
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All the asymmetric carbon atoms in sinomenine have the configuration 
opposite to that of the corresponding asymmetric centers in morphine; 
conversion of sinomenine to the optical antipodes of morphine derivatives 
has been accomplished. 

Morphine finds therapeutic use as a result of its depressant action on 
different parts of the central nervous system. It causes marked anal- 
gesia and, in larger doses, narcosis. Codeine has more tendency to ex- 
cite, and the narcotic effects of morphine are exhibited, but in weaker 
degree. Morphine and many of its derivatives are characterized by their 
ability to produce the dangerous addiction known as morphinism. The- 
baine is a violent tetanic poison. 


INDOLE GROUP. HYPAPHORINE, ABRINE, AND GRAMINE; 

HARMALA, PHYSOSTIGMINE, YOHIMBINE, STRYCHNOS, AND 
ERGOT alb:aloids 

The important group of alkaloids containing the indole nucleus ranges 
in complexity from such simple substances as h 3 rpaphorine (I), the 
methylbetaine of tryptophan, to the complicated structures of yohimbine 
and strychnine. Probably all these alkaloids have as the parent sub- 
stance the amino acid tryptophan (p. 1159), a building unit that appears 
to be of great importance in the synthesis of both plant and animal bases. 
The toad poison (p. 1164:) bufotenine is a derivative of tryptamine; it is 
interesting to note that bufotenine and physostigmine (p. 1230) are the 
only 6-hydroxyindole derivatives that have been encoimtered in nature.^** 


Oo 


H* 


HCOO- HO| 


N+ 

H (CH,)« 

I. Hypaphorine 





H* 


H 

II. Bufotenine 


N(CH,), 


Abrine, an alkaloid from the seeds of Ahrus precatorius, is likemse 
a simple derivative of trj^tophan. Its constitution as in formula III is 
immediately evident from the fact that it can be decarboxylated to yield 
N-methyltiyptamine. The optical activity of abrine excludes a ring 
position for the carboxyl group. On treatment with methyl iodide and 
alkali, moreover, it ^ves the same methyl ester methiodide as is obtained 
from the parallel methylation of j^tryptophan.^ 

Kona, Mid Mittasch, Ann., SIS, 1 (1034). 
iMHoohino, Ann., SSO, 31 (1035). 
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H, 

Ndhcooh 

I 

NHCH, 


III. Abrine 



^CH2N(CHs)* 


N- 
H 

IV. Gramine 


Another simple indole base, gramine, has recently been isolated from 
the germ of Swedish barley. It is the first alkaloid to be found in any 
of the Gramineae,^^^ and is identical with donaxine, an alkaloid obtained 
from an Asiatic reed. The presence of the indole nucleus in gramine on 
donaxine is apparent not only from the absorption spectrum, but also! 
from the appearance of skatole ( 3 -methylindole) in the zinc dust distilla- 
tion. A synthesis of gramine has been reported.^®^ 

Harmala Alkaloids. The seeds of the African rue, Peganum karmalay 
contain as phosphates the alkaloids harmaline, C13H14ON2; harmine, 
C13H12ON2; and harmalol, C12H12ON2. The three bases are closely 
related: harmaline is the methyl ether of harmalol and a dihydro deriva- 
tive of harmine. The ring system present is a condensation of benzene, 
pyrrole, and pyridine nuclei, which Perkin and Robinson have desig- 
nated as 4 -carboline. 



I. 4-Carboline II. Harmine III. Harmaline, Harmalol 


Oxidation of harmaline with nitric acid reveals the benzene nucleus, 
which appears as m^nitroanisic acid. In the same reaction, a dibasic 
acid, C10H8O4N2, harminic acid (VI), is formed. In it the pyrrole and 
pyridine nuclei are contained; on further oxidation it yields isonicotinic 
acid (7-pyridinecarboxylic acid). 

O2N, OOH HOOC 

CHaOks^ N 

IV. tn-Nitroaniric add V. Isonicotinic add 

In harminic acid the two carboxyl groups derived from the benzene 
nucleus are adjacent (fluorescein reaction); by decarboxylation one 

von Euler and Erdtman, Ann., S20, 1 (1935) ; von Euler, Erdtman, and HeUstrdm, 
Her., 69, 743 (1936). 

^•^Widiand and Haing, Ann., 896, 188 (1936). See, also, Erdtman, Ber., 69, 2482 
(1936) ; Orechoff and Norldna, Ber., 68, 436 (1935). 
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or both may be removed, ^ving respectively apohanninic acid or 
apoharmine. 

HOOCj 


H CH, 

VI. Harminic acid VII, Apoharmine 

Further evidence for the presence of the pyrrole nucleus in harmaline 
is found in the formation of red dyestuffs through the action of diazonium 
salts. The location of the methyl group is deduced from the formation of 
benzylidene compounds by condensation with benzaldehyde, a reaction 
characteristic of a-methylpyridines; this leaves, however, two positions 
(3- and 5-) possible for the methyl group. 

An important clue to the arrangement of the nuclei in the harmala 
alkaloids was obtained in the study of harman. This base, which is 
identical with the alkaloids arabine and loturine, was first prepared by 
demethoxylation of harmine; it was found to be genetically related to 
tiyptophan, from which it can be obtained by oxidation with ferric 
chloride in the presence of alcohol. 

H2 

a 


Perkin and Robinson su^ested that the phytochenucal synthesis of 
harmalin e proceeds through a condensation of decarboxylated hydroxy- 
tryptophan with acetaldehyde, followed by 0-methylation and oaidation, 
considerations that led to the proposal of the 4-carboline arrangement 
of the three rings. The formation of TW-nitroanisic acid mentioned above 
serves to locate the methoxyl group. Various syntheses of harmine, 
harmaline, and harman have demonstrated the correctness of these con- 
clusions. The harmaline synthesis of Manske, Perkin, and Robinson **• 
in 1927 removed the last point of uncertainty, the location of the alieyclic 
double bond in harmaline. A simpler synthesis of Spath and Lederer ** 
has as a starting point the condensation of 3-methoxyphenylhydrazme 
with 7 ^amino-n-butyraldehydcdiethylacetal. Acetylation of the conden- 

Perkin nnd Robinson, «/. Chem, Soc.^ 115, 933, 967 (1919) ; Kermaok, Perkin, and 
Robinson, ibid,, 119, 1602 (1921). 

Manske, Perkin, and Robinson, ibid., 1 (1927). 

HO Spath and Lederer, Ber,, 68, 120, 2102 (1930) ; Akabori and Saito, Ber., 88, 2246 
(1980). 
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sation product and closure of the pyridine ring with phosphorus pent* 
oxide led to harmaline. 



I 

CH, 


The phsrtochemical synthesis of the harman types suggested by Perkin 
and Robinson has been supported experimentally by G. Hahn, through 
the preparation of tetrahydroharman from cell-possible substances (tryp- 
tamine and acetaldehyde) under physiological conditions (p. 1255 ). 

While harmaline behaves toward alkylating agents like a base with 
a tertiary pyridine nitrogen atom (formula III), the acetyl derivative 
and the compounds resulting from the action of benzaldehyde or diazon- 
ium salts are probably derived from the tautomeric form X.^ 


H* 



CH* 


X. Harmaline, tautomeric form 

Harmine and harmaline have a paralyzing action on the skeletal and 
cardiac muscles; the use of Peganum seeds as a tapeworm remedy prob- 
ably depends upon paralysis of the musculature of the worm. Harmine 
has been found identical with banisterine, an alkaloid used in the treat- 
ment of Parkinson’s disease. 

Physostigmine (Eseiine). The fruit of the African vine Physostigma 
venenosum, known as the Calabar or Es^re bean, is used by the West 
African natives for the administration of divine justice. An emetic sub- 
stance in the seed hull often saves the accused person from fatal poison- 
ing. The beans contain several alkaloids, of which physostigmine and 
genesetine are the most important. 

Early investigations of physostigmine, C15H31O2N8, established the 
fact that two of the nitrogen atoms are tertiary and carry methyl groups. 
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The third nitrogen is split out as methylamine, together with carbon 
dioxide, by bydrolsrsis, and is present in a ureduin grouping, a struc- 
tural feature that has been found in no other alkaloid. The phenolic 
base resulting from the hydrolysis is known as eseroline (II), and can be 
converted back to physostigmine by the action of methyl isocyanate.*" 
The ethyl ether of eseroline, known as eserethole (IV), has played an 
important part in structure determination. From zinc dust distillation 
of physostigmine, 1- and 2-methylindoles were obtained, but this violent 
degradation scarcely affords proof of the presence of the indole group. 

Degradation of eseroline or eserethole methiodides (by heating in an 
atmosphere of carbon dioxide) results in physostigmol or its ethyl ether.*" 
Physostigmol still contains the eseroline phenolic hydroxyl group and 
shows the color reactions characteristic of indoles. The relatively high 
yield obtained in the degradation indicates that the indole nucleus was 


CH, 



r 

iT -CH, 

CH, 

III. Physostigmol 


CH, 


*'0 


-c- 

I 


-CHg 

I 


yC. .CH, 


CH, CH, 

II. Eserolme 

CH, 


C,H,0^ 



I 


-CH, 

I 


yCv yCHa 


CHs CHs 

IV. Eserethole 


already present in eseroline, and therefore in physostigmine. The struc- 
ture of physostigmol, and hence the position of the eseroline hydroxyl 
group, was established by Stedman’s synthesis of physostigmol ethyl 
ether.^^ p-Ethoxyphenylmethylhydrazine (from reduction of nitro- 
somethyl-p-phenetidine) was condensed with cx-ketoglutaiic acid, giving 
the carboxymethylindoleacetic acid derivative V, from which, on decar- 
boxylation, 6-ethoxy-l,3-dimethylindole, physostigmol ethyl ether (III), 
was obtained. 

Polonovski and Nitzberg, BuU. soc, chim,, {4] 19, 27 (1916). 

Straus, Ann,, 401, 350 (1013) ; 406, 332 (1916). Stedman, Chem. Soc., 126, 1373 
(1924). 
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C,HjO| 



CH,CH,COOH 

I 

COCOOH 
■N— NH, 

C^H. 





-CCHsCOOH 


^y<!COOH 


CH, 






CH3 


III 


CHs 


An alternative synthesis of physostigmol methyl ether by Spath involves 
condensation of p-methoxyphenylmethylhydrazine with propionalde- 
hyde, followed by a Fischer indole ring closure.^^ 

The physostigmine formula I was advanced by Stedman and Barger 
on the basis of the known structure of physostigmol and the following 
considerations. Eserethole, on reduction, takes up two hydrogen atoms, 
which are used in opening a nitrogen-containing ring, for the product, 
dihydroeserethole (VI), is a secondary amine, in contrast to eserethole. 




Cc 


CH, 


-CH, 




CHa 

VI 


NHCH* 




CH, 





>X=0 


CH, 

VII 


■CH, 

I 

CH, 

N(CH,),X 


The further degradation of VI by exhaustive methylation supports the 
presence of the aminoethyl side chain. Existence of the angular methyl 
group was conclusively proved by King and Robinson's synthesis and 
resolution of the methine metho salts of formula VII, which were iden- 
tical with those obtained from 1-esermethole. 

The ph 3 rsostigmine formula received final confirmation in the complete 
synthesis by Julian and Hkl.*" This synthesis became feasible through 
the observation that the hydrogen atom on the 3-carbon of 1,3-dialkylox- 
indoles is so active that alkylation at this point takes place readily. The 
deedred oxdndole derivative was prepared by interaction of N-methyl-p- 
phenetidine and o-bromopropionyl bromide, followed by closure of the 
oxindole ring with aluminum chloride. The ring closure was accompanied 
by an imdesired de-ethylation, therefore the l,3-dimethyl-5-hydroxy- 
radndole (VUI) was ethylated before further manipulation. The 

*** and &unner. Bar., 58 , 618 (1926). 

Stedman and Barger, J. Chan. Boe., 127, 247 (1926). 
m Jnlkn and FSU, J. dm. Chan. Boo., 57, 639, 663, 766 (1986). 
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ethoxy compound was condensed with chloroacetonitrile in the presence, 
of sodium ethoxide, and the resulting nitrile (IX) was converted to the 
amine by catalytic hydrogenation. The primary amine was transformed 
to the secondary amine (XI) by Decker’s method,* and the product was 
resolved into the d- and 2-isomers at this point, since it was found that 
resolution at a later stage could not be accomplished. When 2-1,3- 
dimethyl-5-ethoxy-3-i3-methylaminoethyloxindole (XI) was reduced with 
sodium and alcohol, ring closure to 2-eserethole occurred. The 2-es- 
erethole so obtained could be dealkylated (aluminum chloride) to 2-es- 
eroline, which was then converted by the Polonovski procedure,^" with 
methyl isocyanate, to 2-physostiguiine. 



CHa 



VIII. 1.3-Dimethvl^ 
hydrozyoxindole 

CH, 


Ethylation 


aCH*CN 


JHjCN 


€H,CH,NH, 


(!:h. 


IX. l,3»Dimethyl-5-ethoxyozindolyl> 
3>acetonitrile 

CH, 

Et< (!)- “CH, Resolution 

Na-EtOH ^ 

(Ijh, (Ijh, 

XI. l,3-Dimethyl-5-ethoxy-3-^methyl- 
aminoethyloxirdole 


X. l,3-Dimethyl-6-ethoxy-3- 
/^Haminoethyloandole 


XX 


H 

in, in, 

II. l-Eseroline 


in, in, 

XII. I-Eserethole 


3H, 

(Ijh, in, 

I. l-PhyBoatigmine 


♦ Decker's method [Decker and Becker, Ann., S95, 302 (1913)1 for the conversion of 
primary to secondary consists in condensation of the primary amine with an alde- 

hyde (benzaldehyde), followed by addition of alkyl halide to the Schiff’s base and subse- 
quent hydrolysis: 

yCH, 

RNHa+CeHsCHO RN^CHCeH, -♦ R— N^CHCeHi RNHCH,*hCiH,CHO+Hl 
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Geneserine, Ci6H2iOsN8, contains one oxygen atom more than phy- 
sosligmine. It can be reduced with ease to physostigmine, and con- 
versely, is formed when physostigmine is treated with hydrogen peroxide, 
whence its nature as the N-oxide of physostigmine is evident. With the 
exception of an alkaloid of the lupine series,*^ it is the only natural 
alkaloid N-oxide that has been found. 

Physostigmine is exceedingly poisonous, the fatal dose for man being 
in the neighborhood of 10 mg.; death usually results from respiratory 
paralysis. The alkaloid is used in opthalmic practice, and especially in 
the treatment of glaucoma. Geneserine is much less toxic, and is proba^ 
bly converted slowly to physostigmine in the body. 

Yohimbine. The bark of the West African tree Corynanthe yohimbe, 
used by the natives as a powerful aphrodisiac, contains a number of 
related alkaloids, the most important of which is yohimbine. Quebra- 
chine, from quebracho bark (Argentina), is identical with yohimbine. 

Yohimbine, C2iH2603N2, is the methyl ester of yohimbic acid, 
C19H28ON2COOH. The latter, on decar^xylation, is converted to 
yohimbol, which still contains the secondary alcoholic hydroxyl group 
known to be present in yohimbine. When yohimbine is heated with 
selenium, yobyrine C19H16N2, tetrahydroyobyrine C19H20N2, and keto- 
dihydroyobyrine C2oHieON2 are obtained. From the fragments ob- 



tained by degradation of these products, tiie yohimbine formula I has 
been derived.* 

Yohimbic add, with fused potassium hydroxide or zinc dust, yields 
barman (sdsdon of ring D).*" Ketodihydroyobyrine, on the other hand, 
when fused with alkali, suffers breakage of ring D at a different point, 
and gives norharman and 2,3-dimethylbenzoic add.^" 

M*C<mah, /. Am. Chem. Soe., 58, 1296 (1936). 

^ Hie position of the alcoholic hydroxyl group is not known with certainty. 

Wamat, Ber„ 60, 1118 (1027) ; Barger and Scholz, /. Chem, Soc„ 614 (1933). 

Mendlik and Wibaut, Ree, irao, chim,, 80, 91 (1031) ; Barger and Scholz, Helv, Chim 
Aeta, 16, 1343 (1933). 
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When tetrabydroyob 3 rrine is oxidized with nitric acid, ring D survives 
intact and appears as berberonic acid. Bing D is likewise found, together 
with ring E, in the form of isoquinoline, from zinc dust degradation of 
yohimbic acid.^^* 

The position of the carboxyl group on ring E may be assumed from 
the formation of dimethylbenzoic acid mentioned above, and from the 
appearance of m-toluic acid when yohimbine or yohimbic acid is treated 
with superheated steam. 




m>Toluio acid 


Ring E can also be obtained as phthalic acid by oxidation of yobyrine. 
The indole grouping, rings A and B, was obtained by Barger and Scholz 
as 3-ethylindole from potash fusion of yohimbic acid, and ring A with 
ring B opened appears in oxalylanthranilic acid, which results from per- 
manganate oxidation of yohimbine.^®® 

H 

S-Etbylindole OzaJylanthranilio acid 



„ JOOH 
H 


COOH 



The poffltion of the yohimbine alcoholic hydroxyl group is still some* 
what uncertain. Scholz favors the 14-i>osition, as accounting best for 
the difficulty observed in the hydro^nation of apoyohimlwe, a dehydra- 
tion product resulting from the action of sulfuric add on yohimbine. 
Hahn regards positions -17, -18, or -19 as posmble, excluding -14 on the 
bads of dxe quantitative alkali degradation of tetradehydroyohimbine 
into m-toluic acid and barman, whereby carbon atom-14 appears as the 

“• Winterstein and Walter, Hdv. Chim. Acta, 10, 677 (1927). 

Spfttli and Breteohneider, Bar., 6S, 2997 (1930), 
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harman methyl group.*®* In formula I the hydroxyl group has b^n 
placed on carbon -17 because the remarkable synthesis of the yohimbine 
skeleton by TTalin and Werner, accomplished almost entirely under phys- 
iological conditions, makes it seem possible that the plant synthesizes 
the nilffllniH by a parallel process, a synthesis that could scarcely succeed 
were the hydroxyl group at a position other than that shown.*® 

Yohimbine is used as an aphrodisiac. It promotes sexual desire in 
both male and female through dilation of the blood vessels of the genital 
organs, and also stimulates the sexual centers of the spinal cord. | 

Sttychnos Alkaloids.^®’ The alkaloids of Strychnos nux-vomica 
and of Ignatius beans (,S. Ignatii), strychnine, brucine, and vomicine. 



present a structural problem of such complexity that only the salient 
featiu'es can be mentioned. In spite of the intensive researches being 
carried on at present in the laboratories of Leuchs, Robinson, Wieland, 
and others, it is not yet possible to present for strychnine a structural 
formula that is certain in every detail. The most recent proposal (I) 
may serve for discussion; Leuchs favors the linkage of the C2H4 group 
to carbon- 3 . 

Brucine, C23H26O4N2, is a dimethoxy derivative of strychnine, 
C2 iH 2202N2, and behaves like it in most reactions not involving the 
aromatic nucleus. The position of the brucine methoxyl groups, already 
deduced from color reactions, is confirmed by SpEth and Bretschneider’s 
oxidation of strychnine to N-oxalylanthranilic add, of brucine to 4,5- 
dimetboxy-N-oxalylanthranilic add (II). 

Hahn, Kappes, and Ludewig, Ber,, 67, 686 (1934). 

”*Hahn and Werner, Ann,, 680, 123 (1935). 

***R. Robinson, **Bakerian Lecture,” Proc. Roy. Soc. {London), A130, 431 (1931). 
Annwd Remew of Bioehemiatry (1933), Vol. II, p. 444; (1935), Vol. IV, p. 497. Sp&th, ibid, 
(1937), Vol. VI. p. 528. SmaU, ibid. (1939). Vol. VIII, p. 478. 

^**Seka, ”Alkaloide,” Urban and Schwarzenberg, Berlin (1933). 
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CH,0| 
CHjoL 


COt 


OC CHj 

la. Brucdne 


CH.O( 

CH,D' 


,COOH 

NHCOCOOH 


II. 4,5>Dimethoxy-N-oxalylanthrani]io acid 


One of the two nitrogen atoms of strychnine, N(a), has no basic prop- 
erties, and is in a cyclic amido group. By hydrolysis at this point, 
strychnine is converted into strychnic acid (III). By electrolytic reduc- 
tion at the amido carbonyl group in strychnine, strychnidine (IV) and 
tetrahydrostrychnine (V) are formed. 



H 


HOOC— CH* 

III. Strychnic acid 





IV. Strychnidine 


CX^ 


HOCH*— CH* 

V. Tetrahydrostrychnine 


These products still contain a double linkage, whose presence, as in 
strychnine itself, may be demonstrated by catalytic hydrogenation. The 
strychnine amido group forms part of the system R — N(o) — COCH 2 — 
in which R is a benzene ring with a free paro-position; this is deduced 
from the fact that strychnine, but not strychnidine, condenses with ben- 
zaldehyde to give a colored benzylidene derivative. Furthermore, strych- 
nine and strychnidine behave as though related as acylaniline to alkylan- 
iline: strychnine does not give coupling reactions with diazonium salts, 
but strychnidine yields with diazobenzenesulfonic acid an azo compound 
that is an indicator resembling methyl orange. The aminostrychnidine 
resulting from reduction of the azo compound resembles p-aminodimeth- 
ylaniline, and gives analogs of the toluylene dyes. 

The second, basic nitrogen atom, N(l)), carries no methyl group; it 
is tertiary, even in hydrogenated derivatives, and therefore is not in an 
— N=C — group. When strychnine methiodide is treated with alkali 
or silver oxide, strychnic acid methohydroxide is formed, and this loses 
a molecule of water to yield the betaine, methylstrychnine, a secondary 
base[N(a)]. 


JxWH co-o- ho-o- 


l 


Strydmine methiodide 


lie acid 


A 

Methyletryohnine 


<!:hi 

Dimethyletiyehnine 
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Methylstrychnme reacts 'with hydriodic acid to gi'vre strychnic acid 
methiodide; with methyl iodide it 3delds dimethylstrychnine (N-methyl- 
stiychnic add methylbetaine), in which N(a) is tertiary and basic. 

One of the strychnine oxygen atoms is accounted for in the amido 
carbonyl group; the second oxygen is indifferent to all reagents for the 
hydroxyl or carbonyl group, and must be present in an ether linkage. 
By very vigorous reduction, phosphorus and hydriodic add, the ether 
oxygen may be eliminated (desoxystiychnine) without loss of any other 
portion of the molecule, a fact that indicates a cyclic ether structure. 
Stryohnidine does not undergo this tyi)e of change. Strychnine and 
dihydrostrychnine, but not the strychnidines, suffer isomerization under 
tile influence of basic catalysts, gi'vmg isostrychnine and dihydroiso- 
strychnine. The members of the iso series contain an alcoholic hydroxyl 
group, which can be formed only by a change at the ether oxygen; a 
shrinkage of ring D has been suggested to explain the rearrangement. 
The extreme resistance of the ether oxygen in strychnidine compared 



18 C wCH C CH 


/\ 

H OH 

with that in strychnine in the reactions mentioned makes it probable 
that this oxygen is not far removed from — N (a) — CO — , as in the system 
— N(o) — CO — CH2 — CH — O — . This arrangement is confirmed by the 
results from the Beckmann rearrangement of isonitrosostrychnine.'" 
Treatment of isonitrosostrychnine hydrochloride with thionyl chloride 
yields a compound (VII), isomeric with the isonitroso derivative. This 
reairangement product hydrolyzes with great ease, loang carbon dioxide 
and hydrogen cyanide, to pve the aldehyde-alcohol VIII, in which one 
oxygisn atom obidously is that of the former cyclic ether structure.* 
Evidence concerning the propinquity of N(b), the double linkage, and 
the ether oxygen has been found in the Leuchs degradation, '^en 
^^Wieland and Kaziro, Ann., 506 , 60 (1633). 

* In tfaa original publication the ether4inked oxygen is shown as part of a^x-membered 
ring. Hus view has been abandoned by Wieland (private communication). 
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strychnine is oxidized with permanganate in acetone, strychninonic and 
dihydrostrychninonic adds are obtained. Strychninonic add can be 
reduced to strychninolic acid, which decomposes in the presence of so- 
dium hydroxide into strychninolone and glycolic acid. In the brucine 
series the corresponding products obtained are brucinonic and brucinolic 
acids, and brucinolone. These changes are represented by part-formulas 
IX-XI. 



I. Strychnine 


1 


r 




O-CHj-COOH 

IX. Strychninonic acid 


^ A io _ 

X. Btrychninolio acid 





XI. strychninolone 


+HOCHjCOOH 

Glycolic add 


Support for this mechanism is seen in the fact that strychninolic acid 
contains no double linkage, but strychninolone does. The observation 
that brucinolic acids in which N(a)CO has been reduced to N(a)CH2 — 
do not undergo the ^ycolic acid decomposition constitutes an additional 
argument for the relative positions of N(a)CO and the ether oxygen. 
The presence of the N(6)CO group in strychninonic acid (and hence of 
— N(6)CH2 — in strychnine) is deduced from the fact that strychninonic 
esters are not basic, and from the appearance of dihydrostrychninonic 
acid mentioned above. This acid (XIII) seems to be a diastereoisomer 
of strychninolic add, X, and can be oxidized to strychninonic acid, IX. 
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A mechanism proposed for its formation from strychnine postulates the 
changes I 


XII XIII: 



N(5) 

1 r’ 

N(6) 

1 1 

1 1 

CH CH, 

CH CO 

1 1 

CH CO 

/ \ / 

/ \ / 

/ \ / 

C 

C H 

C 

II 

/I 0 

/ \ 

CH 

HO CO H 

HO H 

\ 1 
^0— CH* 

I 

\)— CH* 

XII 

\)— CHsCOOH 

XIII 


the last of which, XII to XIII, is plausible only if XII contains the group 
— N(6)CO— . 

Oxidation of brucinonic acid with hydrogen peroxide yields a product 
from which the 9-carbon atom has been lost as carbon dioxide, and 
which has properties indicating that N(6) must have been in a five-mem- 
bered ring, E (Leuchs). Evidence for the existence of ring G has been 
diflEicult to obtain, but its presence is made probable by the appearance 
of carbazole, containing rings A, B, and G, in vigorous degradations (zinc 
dust distillation) of strychnine. In this reaction rings A and B are also 
revealed as indole. 



H H 

Carbasole Indole 


The indole nucleus has been identified more acceptably through nitric 
acid oxidation of strychnine. This process leads to dinitrostrychol- 
carboxylic acid (XIV), which can be further degraded by the Curtius 
method through the azide and urethan to dinitroisatin (Robinson). 

jj COOH 

COOH 

NO* H 

XIV. Dinitrostiyebolearboiylio aoid 

By destiuction of four carbon atoms of the aromatic nucleus in strych- 
nine and brucine, derivatives of the hypothetical base nucine are ob- 
tained, and similarly from strychnidine and bruddine, derivatives of 
nuddine. Destruction of the entire aromatic nucleus yields the aponu- 
dnes <a aponuddines. 


NO21 



NO* H 

XV. Dinitroiaatin 
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HjC O 

\ / 

N 


\ / 
N 


OC CH* 

XVI. Nucine 


HsO CH, 

XVII. Nucidine 


OC CH, 

XVIII. Aponuoma 


Oxidation of strychnine with chromic acid gives the “Wieland-Mlinster 
Ci 7 acid,” 2,3-diketonucine dihydrate. From brucine, “Hanssen’s C 19 
acid” is first obtained, and can be converted to the Wieland-MUnster 
acid. This last loses a carbon atom with alkaline hydrogen peroxide, 
and closes the lactam ring, yielding “Hanssen’s C 16 acid,” aponucine- 
carboxylic acid. 


CH,0| 

CH,ol 


I. Strychnine 
CsiHsiOjNs 


0==C — -CHj 

la. Brucine 
Cs^ieOiNs 


HOOC 


HOOC 




1 ' 

HOOC C< 

/ ^ 

HN 


HOOC CH, 

XIX. Wieland-MODBter add 
Ci7H220«N2 


OC CH, 


XX. HansBrai'B Cj* add 
CuHssOftNs 


0=c CHs 

XXI. Hanwen’i Cie acid 

Ci«HtD04Nf 


XXn. Aponudne 

CiftHMOiNi 
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Infonnation concerning the C 2 H 4 chain attached to N(b) has been 
most difficult to obtain. An erroneous interpretation of the bromination 
of diketonucidine (XXIII or XXIV) excluded for many years linkage 
to C-4, and during this period 03 was favored by Leuchs, 05 by 
Robinson.*®* 



XXIII. Diketonucidine 
(Old formula) 



XXIV. Diketonucidine 
(New formula) 


Diketonucidine, an oxidation product of strychnidine (IV), reacts 
with one mole of bromine (water) to give monobromodiketonucidine 
hydrate. It was believed that substitution of the active hydrogen a to 
the carbonyl group (XXIII) had taken place, and since 04 carried a 
hydrogen atom, the chain could not be attached to it. Independent 
studies of the bromination by these two investigators “* have recently 
shown that the bromination probably involves addition of HOBr at the 
double bond (08, 015); dihydrodiketonucidine does not react with 
bromine. This new evidence makes 04 available as an attachment point 
for the two-carbon chain (as originally suggested by Menon and Robin- 
son in 1932).*®* There is further strong evidence that this chain is at the 
l 8 -position of tile indole nucleus (4-position of strychnine) in the discovery 
that degradation of strychnine and some of its derivatives with strong 
alkali gives tiyptamine.*®* 



J 


-CH -CH»— NH, 


Tryptamine 


Vomidne, C 22 H 2404 N 2 , resembles strychnine and brudne in some of 
its reactions, but on hydrolysis yields the amino add vomicinic add 
(XXVI), which contains a new phenolic hydroxyl group. This phenolic 
hydroxyl is also generated when vomidne is reduced to vomiddine by the 
electrolytic method. From reduction studies, and oxidative and pyro- 

*** HdmM and Robmson, J. Chem. 8oe., 603 (1930) ; Leuchs and Grunow, Ber., TM, 
670 (1030) ; Leuchs, Ber., 7S, 1688 (1039). 

*** M«u>n and licUnson, J. Chem. See., 780 (1932). 

**• Kotake, Proe. Imp. Aoad. Tohyo, U. 09 (1036) ; Clemo, J. Chem. See., 1696 (1036). 
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lytic degradations, Wieland ^ has developed the incomplete formula 
XXV for vcamcine. 



Strychnine, because of its extremely high toxicity, is widely used as 
a pest exterminator. In therapeutic doses it acts to stimulate the res- 
piratory and vasomotor nerve centers; in larger amounts it acts on the 
spinal cord to cause high reflex irritability, involving aU the muscles of ^ 
the body. Convulsions or tetanus may result from the slightest stimulus, 
death usually following from respiratory exhaustion. Brucine has about 
one-eighth the toxicity of strychnine. 

Ergot Alkaloids.^^ The mycelia of the fungus CUmceps purpurea, 
from diseased rye and other Gramineae, constitute the important drug 
known as ergot. Ergot has yielded, in addition to such simple putrefac- 
tion bases as histamine, tyramine, cadaverine, and putrescine, a series of 
exceedingly complex alkaloids, whose structures have now been largely 
elucidated. The ten most important ergot bases are closely related, and 
may for the most part be discussed as a group. The longest known pair, 
crgotoxine * and ergotinine, CasHagOsNs, are isomeric and interconverti- 
ble. Ergotinine is transformed to ergotoxine by boiling alcoholic phos- 
phoric acid, and the reverse change takes place in boiling methanol or 
with acetic anhydride. Ergotamine, CasHasOgNs, and ergotaminine are 
similarly related. Ergonovine, CigHaaOaNa, was discovered during the 
period 1932-1934 by four independent investigators, who proposed the 
names ergobasine, ergometrine, ergostetrine, and ergotocin. It is at 
present believed to be the most active constituent of ergot in oxytocic 
effect. Ergonovine is possibly accompanied by its isomer, ergometrinine, 
which is a transformation product. The most recently discovered pairs 
are ergosine and ergosinine,^®^ CaoHarOsNa, and ergocristine and ergo- 

iw Wieland and Homer, Ann., 6S8, 73 (1938). 

i«o Barger, **Ergot and Ergotism,’* Gumey and Jackson, London (1931). 

* Ergotoxine was long considered to be CftHieOeNs, but the pair are now believed to 
be isomerides; the discrepancy may be due to analytical difficulty, or to a Srmly bound 
molecule of hydrate water. 

Smith and Timmis, J, Chm» Soc,^ 396 (1937), 



1244 


ORGANIC CHEMISTRY 


cristinine,^® CssHsgOsNs. The fact that in each of these pairs one mem- 
ber is physiologically active and levorotatory (ei^toxine, ergotamine, 
ergonovine, etc.), while the other member is relatively inert and strongly 
dextrorotatory, suggests that a similar change of structure is involved in 
the reversible transformation of all the isomers. 

The members of the pairs show a tendency to cr3ratallize together; 
the equimolecular mixture of ergosine and ergosinine was for some time 
thought to be a new alkaloid (“ergoclavine”), as was that of ergotamine 
and ergotaminine ("sensibamine”)- The nature of pseudoergotinine is 
still uncertain; it can be transformed to ergotinine, or to ergotoxine, 
and is possibly a mixture. 

Early work on the series conMsted largely of degradations so violent 
as to yield little information. From destructive distillation of ergotoxine 
or ergotinine, isobutyrylformamide (CH3)2CHCOCONH2 was isolated. 
Oxidation with permanganate or nitric acid gave benzoic and p-nitro- 
benzoic acids respectively, and a tribasic acid, Ci4Hg08N. 

The key to the structure of the ergot group lies in hydrolytic pro- 
cedures which are known to split amide or peptide linkages, viz. : acid 
hydrol3rsis, alkaline hydrolysis, and sodium-butyl alcohol reduction.^®’ *** 
Hydrolysis in aqueous alkali led to the isolation of lyser^c acid, 
CigHieOgNg.*** Smith and Timmis then showed that ergine, a product 
previously isolated by them, was the amide of lysergic acid.*“ All the 
known alkaloids of ergot have sdelded either lysergic acid or ergine. The 
hydrolysis of the ergocristine pair has not been carried out. Lysergic 
add is the only group common to all the members, and the transforma- 
tions, and changes in physiological action, must be due to changes in the 
lysergic add portion of the molecule. 

Extensive work on the hydrolysis of the ergot alkaloids indicates that 
they are probably constituted as follows: 

Ergotoxine and ergotinine consist of d-lysergic and d-isolyser^c acids 
respectively, in combination with d-proline, l-phenylalanine, and a- 
hy^xyvaJine. The oc-hydroxyvaline is not isolated as such, but in the 
form of its decompodtion product, isobutyrylformic add (dimethylpyru- 
vic add). The presence of the dextro form of proline, which occurs else- 
where in nature only in the leva form, is noteworthy. 

Ergotamine and ergotaminine contain o-hydroxyalanine (isolated as 
pyruvic add) in place of the o-hydroxsrvaline of the preceding pair. 

BtoU and Burckhardt, Z. jOiysM. Chem., S60, 1 (1937) ; Ml. 287 (1938). 

Jacobs and Craig, J, Biol, Chem,,, 106, 393 (1934) ; J. Am. Chem. 8oc., 67, 383, 930 
(1935); Smith and Timmis, J. Chem. Soc., 763 (1932). 

Jacobs and Craig, J. Biol. Chem., 104, 547 (1934). 

^ Smith and Timmis, /. Chem. 8oc., 674 (1934). 
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Ergosine and ergosinine have, in addition to the lysei^c acid portion, 
a-hydroxyalanine, d-proline, and {-leucine. 

Ergonovine and ergometrinine, the simplest of the group, are the 
hydroxyisopropylamides of lysergic and isolysergic acids, and give d-2- 
aminopropanol on hydrolysis. 


CH* — CHj 

1 1 

CHs CHCOOH 

Xn/ 

H 

Proline 


H* 



X: 


/NH* 

HCOOH (CH,)jCHCH*CH< 

XJOOH 


NH» 

Phenylalanine 


Leucine 


NHj 

CH,v I 

>CHCCOOH 
CH,/ 1 
OH 

a-Hydrozyvaline 


NHs 

I 

CHjCCOOH 

1 

OH 

a-Hydrozyalanine 


CH,v 

>CHCH,OH 

NH/ 

2-Ammopropanol-l 


These amino acids, in the combinations mentioned above, are believed 
to be joined in amide linkages with each other and with the carboxylic 
acid group of lysergic or isolysergic acid in the several alkaloids. A pro- 
posal,^®® for example, for the structure of ergotoxine is shown in I. Ergo- 
tinine differs only in containing an isolysergic acid group (see below) . 



I. Ergotoxine 


l^th the identification of the amino acid constituents, it is apparent 
that the constitutional question is essentially that of lyser^c add. This 
Craig, Shedlovsky, Gould, and Jacobs, Biol. Chem., 125 , 289 (1038). 
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add is optically active, contains an N-methyl group but no methoxyl 
groups, and is monobasic. It also forms stable salts with one equivalent 
of add. It contains an easily redudble double bond, which must be near 
the carboxyl group, for dihydrolysergio add is a weaker acid, and loses 
carbon dioxide with more difficulty than l 3 rsei^c add. The double bond 
must be involved in the isomerism of the alkaloids, for dihydrolysergic 
acid, like the dihydro alkaloids, cannot be isomerized. Absorption spec- 
tra indicate that the imsaturated center is conjugated with the indole 
nucleus which is revealed in the form of a dimethylindole from alkali 
fusion of dihydrolysergic acid.^®^ 1 

In earlier speculations, these considerations, as well as the probable! 
biogenetic relationship of lysergic add to tr 3 q>tophan, led to the proposal 
of a 4-carboline (see p. 1228) type formula for lysergic add. S 3 mthetic 
analogs of the proposed formula, however, gave no color test with 
dimethylaminobenzaldehyde, and the 4-carboline formula is also incapa- 
ble of explaining the appearance of l-methyl-5-aminonaphthalene (II) in 
alkali fusion of dihydrolysergic add. 

The tribadc acid C14H9O9N, obtained from nitric add oxidation of 
ergotinine or lysergic add, yields quinoline on soda-lime distillation, and 
appears to be an N-methylquinoliniumbetainetricarboxylic acid, for 
winch III is a possible formula. 

coo- 



Tbese facts led Jacobs and Craig to advance two formulas for lysergic 
add, in which the chief uncertainty was the positions of the carboxylic 
add group and of the double bond.^® Later evidence on the location 
of these features resulted in formulas IV and V for lysergic add and 
isolysei^c add respectively.*® 

Cleavage of ring B at 1,2 and 2,3 and of ring D at 5,6 and 8,9 accounts 
for the l-methyl-5-aminonaphthalene, and oxidative deavage of rings 
A and B explains the formation of the acid III. 

Jacobs and Crais, ibid., US, 716 (1939). 

*** Jacobs and Craig, Sdenee, 81, 421 (1936). 

<** Jacobs and Craig, J. BibL Chem., ti». 227 (1936), 
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IV. Lysergic add 


COOH 



V. Isolysergio add 


The Double Bond. The basic skeleton for lysergic add is supported 
by the synthesis of 6,8-dimethylergoline (racemic) VI, which is, except 
for optical properties, practically identical with a base prepared from 
dihydrolysergic acid (by reduction of VII) 



VI 


Accepting this skeleton, the only possible portions for the double 
bond are (4,5), (6,10), and (10,9), for (9,8) and (8,7) are not in conjuga- 
tion with the indole nucleus. The (4,5) (5, 10) positions for the isomeric 
acids would place the unsaturation equidistant from the bade group in 
the isomers, which is not in accord with evidence derived from dissocia- 
tion constants. These indicate that in ergometrinine the double bond 
must be further from nitrogen than in ergonovine, a condition met only 
by the 10,9-position for isolyserpe, and the 6,l{l-position for lyserpc 
acid (formulas IV and V). 

The Carbojqrlic Acid Group. To account for the quinoUnebetaine- 
carboxylic acid, and for the optical activity, the carboxylic group can 
occupy only positions 4, 9, 8, or 7. Of these, 9 seems eluninated, since 
shift of the double bond from 5,10 to 10,9 should cause racemization. 
Position 4 would make dihydrolysergic acid a substituted indoleacetic 
acid, which does not accord with its relative stal^ty towards loss of 
carbon dioxide on p 3 rrolysis. Of 7 and 8, the latter is favored by a study 
of dissociation constants. Further evidence is found in the pyrolysis of 
dihydrolysergic acid, which yields a non-basic, imsaturated compound, 
Jacobs and Ooold, ibid., ISO, 309 (1030). 
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believed to be a cyclic amide aa shown in part-formula VII. It is known 
that j9-amino acids, in contrast to a-amino acids, decompose into un- 
saturated acids and ammonia. The analogous behavior of dihydrolyser- 
gic acid points to the jS-amino structure. 



The partial ssmthesis of ergonovine and its isomer ergometrinine 
confirms the concepts concerning the isomerism of the ergot alkaloids. 
Hydrolysis of the ergot alkaloids with hydrazine hydrate proceeds with 
isomerization and racemization, to give racemic isolysergic acid hydra- 
zide. Condensation of this with d-2-aminopropanol-l gave a mixture 
of d-isolyser^c-d-isopropanolamide and 1-isolysergic-d-isopropanolamide. 
The former is ergometrinine. By isomerization of the mixed isolysergic- 
isopropanolamides with acid, the corresponding mixed d,d- and l,d- 
l 3 rsergicisopropanolamides were obtained, of which d-lyser^c-d-isopro- 
panolamide was identical with ergonovine. 

Ergotoxine, ergotamine, and ergonovine are characterized by their 
vasoconstrictor action and their power to cause a gangrenous condition 
of the type observed in the gangrene epidemics (ergotism, St. Anthony’s 
fire) known since the Middle Ages to result from the consumption of 
bread made with diseased rye. 


IMIDAZOLB AND QmNAZOUNE ALKALOIDS: PILOCARPINE 
AND VASICINE 

Jaboiandi Alkaloids. The leaves of Pilocarpus jdborandi contain 
several related alkaloids, of which pilocarpine, CiiHi 602 N 2 , is the most 
important. This alkaloid was shown in the early work of Jowett and of 
Pinner to be a mono-acid tertiary base containing a lactone group and 
an imidazole nucleus, but only in recent years has its structure been con- 
clusively demonstrated. 

C»Hr-CH CH— CH* -N— CHa 

2 | 

(XJ CHa HC CH 

\)/ 

1. Pilooarpme 

StoU ana Hofmann, Z. phynol. Chem., SSI, 156 (1938) ; S60, 7 (1937). 

Jowett, J. Chem. Soe., 83, 438 (1903) ; Pinner and Schwarz, Ber., S5, 192, 2241 (1902) 
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Pilocarpine undergoes isomerizalion with ease to 3 deld isopilocarpine, 
a base that also occurs in jaborandi, and that has served for much of the 
structural investigation. The arrangement of the two nitrogen atoms is 
indicated by the appearance of methylurea in oxidations. By distilla- 
tion of either base with soda-lime, 1-methylimidazole, 1,5-dimethylimida- 
zole, and l-methyl-5-amylrmidazole are obtained.^” 


NHCH* 

I 

CO 

N/" 

H* 

Methylurea 


CHs(CH 2 ) 4 C NCH, 

11 I 

HC CH 

l-Methyl-5-n^ainylimidazole 


CHjC NCHs 

II I 

HC CH 

\n/ 

1,5-Dimethylimidaiole 


As fragments from the nitrogen-free portion of isopilocarpine, Jowett, 
by permanganate oxidation, obtained isopilopic and homoisopilopic 
acids; * the same acids likewise appear in oxidations of pilocarpine as 
a result of rearrangement. 


C2HB— CH CH— COOH 

I I 

0 ==C CH2 

\)/ 

II. Isopilopic acid 


C2H6— CH CH— CH2COOH 

■I I 

0 ==C CH2 

III. Homoisopilopic acid 


C2H6— CH CH CH* 

I I I 

COOH COOH COOH 

IV. Ethyltrioarballylic acid 


The constitution of homoisopilopic acid is deduced from the transfor- 
mation to ethyltricarballylic acid by alkali fusion. Chichibabin and 
Preobrashenski demonstrated the structure of isopilopic acid by syn- 
thesis, and prepared the diastereoisomeric pilopic acid corresponding to 
the nitrogen-free portion of pilocarpine. Pilopic acid undergoes rear- 
rangement with extreme ease to isopilopic acid, so that the latter is 
always obtained from pilocarpine oxidation. By ozonolysis of pilocar- 
pine and isopilocarpine, isomeric homopilopic acid amides are obtained, 
showing that the two alkaloids differ only in the stereochemical arrange- 
ment of this part of the molecule.”® 

The S3mthesis of pilocarpine and isopilocarpine was accomplished in 

Akabori and Numano. Bar.. 66, 159 (1933). 

* Originally designated as pilopic and homopilopic acids. 

Chichibabin and Preobrashenski, Ber., 63, 460 (1930). 

^•Langenbeck, Ber., 67, 2072 (1924). 
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1933 by Preobrashenski.^’® d-Homoisopilopyl chloride was converted by 
the diazomethane reaction to chloromethyl homoisopilopyl ketone (V). 
By GabrieTs reaction, V yielded the corresponding aminomethyl ketone, 
on which the imidazole nucleus was built by heating with potassium 
thiocyanate. Treatment of the resulting mercapto-isopilocarpidine with 
ferric chloride gave isopilocarpidine (an isomerization product of the 
jaborandi alkaloid pilocarpidine), which on methylation yielded isopilo- 
carpine. Pilocarpine was prepared similarly starting from d-homopilopic 
acid. 


CiHr-^JH CH-CH2CO 


C2H6-CH CH— CHr-C- 


-NH 



(luHs -♦ Amine 

1 



k A 

Cl G==( 

k _ A 

:h2 hc: 




CSH 


V. Chloromethyl homoisopilopyl ketone 


VI. Mercapto-isopilocarpidine 


C2H5-CH CH-CH^-C ^NH C-Hr-CH CH-CHr-C N— CH, 


VII. lBopiloGap;>idine 
(Pilocarpidine) 


I. Isopilocarpine 
(Pilocarpine) 


Pilocarpine acts on the nerve endings of the secretory cells, causing 
increased secretion of sweat, saliva, and tears. It is used as a diaphoretic, 
and in optical surgery to cause myosis and to reduce intraocular pressure. 

Vasicine. Vasicine, also known as peganine, was first found in the 
Himalayan plant Adhatoda vdsica, and was later isolated from the mother 
liquors from preparation of the harmala alkaloids. Adhatoda is used in 
India as a fish poison, insecticide, and for the relief of asthma. Although 
vasicine contains an as3nmmetric carbon atom, it is optically inactive. 
This phenomenon is encountered rarely in the alkaloid series, and in 
vasicine the inactive base is formed by racemization during the isolation 
of the alkaloid. In the plant the base exists in the levo form. 

The presence of the quinazoline grouping in vasicine, C11H12ON2, 
was shown by gentle oxidation with permanganate, which resulted 
in 4-keto-3,4-dihydroquinazolyl-3-acetic acid (II). In this product, 
C10H8O3N2, only one of the vasicine carbon atoms is missing; this 

0 

a^'TjrCHjCOOH 

II. 4-Keto-3,4-dibydroquinuolyl-8 
acetic acid 


W >OH 

1. Vasidne (Peganine) 


Preobrasheneki and co-worlrars, Ber., 66, 11S7, 1536 (1033) ; 68, 844, 847, 860 (1935) ; 
66, 1314, 1835 (1036). 
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carbon atom must carry a group that makes it especially susceptible to 
oxidation. It is indeed the seat of the alcoholic hydroxyl group, whose 
presence can be shown by gentle acetylation, by the Zerewitinoff reac- 
tion (p. 500), and by the chlorination and reduction procedure that leads 
to desoxyvasicine (pegene-9) (VI). 

The structure of II was easily established by synthesis. For the 
attachment of the three-carbon chain, one end of which is certainly 
linked to the 11-position, only C-8 or C-10 comes into question. This 
uncertainty was removed by the synthesis of desoxyvasicme.*’’ o-Ni- 
trobenzyl chloride was condensed with methyl 4-aminobutyrate to the 
pyrrolidone (IV), which was reduced to the amino derivative (V) and 
treated with phosphorus oxychloride to close the quinazoline ring. 



/ 


CH,C1 


H*N- -CH* 


\jjO CHsOOCv^CH, 

H, 

ni 



H, 

Cn. 

\n_ 


-CHs 

I 


•NHj 


OC^^Hs 


C* 

H, 



NO* 


IV 

H* 


N CH* 

OC\^CH, 


C* 

H* 



The alcoholic hydroxyl group of vasicine might be located at posi- 
tions -2, -3, or -8, the first two being the more probable. The decision 
in favor of position -3 was reached through Spath’s vasicine synthesis, 
which proceeded like that of desoxyvasieme (formulas III to VI, OH 
at the starred carbon atom). o-Nitrobenzyl chloride was condensed with 
4-amino-2-hydroxybutyric acid methyl ester to the pyrrolidone. On 
reduction of the nitro group, spontaneous ring closure took place to give 
vasicine.™ 

In confirmation of considerations on the possible mode of the phyto- 
chemical synthesis of vasicine, Schdpf has prepared desoxyvasicine under 
physiological conditions (p. 1256). 

Spftth, Kuffner, and Flatzer, Ber., 68, 497 (1936) ; Hanford and Adams, J. Am. 
Chem. Soe., 57, 921 (1936). 

Sp&th, KuSner, and Platser, Ber., 88,. 699 (1936). 
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BIOGENESIS OF THE ALKALOIDS 


One of the most striking characteristics of an alkaloid-bearing plant 
is its capacity to produce a number of closely related bases. Examina- 
tion of any of the series of alkaloids described under various nuclear 
groups in the preceding pages inevitably suggests that the plant, with 
its preeminent synthetic ability, has built up such a series from a common 
parent substance through condensations, methylation, decarboxylation, 
and oxidation and reduction reactions. This idea was first suggested 
early in this century by Pictet and by Willstatter, and was put into defi-| 
nite form by Winterstein and Trier (1910) and particularly by Robinson 
(1917).i7» 

The amino acids (p. 1079),or their transformation products, the amino 
aldehydes and amines, with formaldehyde, formic acid, and methanol, 
undoubtedly are the chief building units for the synthesis of alkaloids. 
The nearer the alkaloid to the parent substance in structure, the more 
widely it will be found distributed in plants. Hordenine, first found in 
sprouted barley, probably is formed by N-methylation of tyrosine, and 
its appearance in the entirely unrelated Anhahnium cactus (anhaline, 
p. 1209) is not surprising. Arabine and loturine are identical with bar- 
man, the framework of the harmala alkaloids. The close relationship 
of harman to tryptophan or tryptamine accounts plausibly for the 
presence of the harman grouping in three unrelated plant families. 


H2 




Harman 


Individual species or families, on the other hand, may possess a char- 
acteristic ability to cause condensations and ring enlargements leading 
to the synthesis of alkaloids peculiar to the species. 

The first experimental demonstration of the simplicity of method by 
which the plant may synthesize alkaloid structures was Robinson’s con- 
densation of succinic aldehyde and methylamine with acetonedicar- 
boxylic acid (p. 1197). This pioneering experiment stands out in sharp 
contrast to the involved and laborious syntheds of tropinone by the 
dasdcal laboratory methods, and it furnished the stimulus for the present 
activity in alkaloid synthesis under approximated physiolo^cal condi- 
tions. 

>n BoUnaon, J. Chem. Soe.. Ut, 876 (1917). 
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According to Schopf,^®® synthesis in the plant cell may take place 
with participation of specific enzyme systems, adapted to the production 
of one definite substance, as for example the synthesis of starch from 
carbon dioxide; or unspecific enzymes may take part, such enzymes as 
have a general function, as decarboxylation, hydrogenation, dehydrogen- 
ation, and oxidation; or finally, natural products, or the intermediates 
from which they are derived, may be formed without the participation 
of enzymes, when sufficiently reactive units arise together in the course 
of cell metabolism. This last case is susceptible of study in the labora- 
tory. Essential conditions to be observed are hydrogen-ion concen- 
trations and temperatures comparable to those under which the plant 
works, as well as the use of starting materials that the plant may be 
expected to have available. 

There can be no doubt as to the ability of the plant to reduce ketone 
groups and to accomplish esterification, so that the question of the 
phytochemical synthesis of the alkaloids of the belladonna group, the 
tropine derivatives, is largely that of the synthesis of tropinone. Suc- 
cinic aldehyde (from degradation of ornithine), methylamine, and ace- 
tonedicarboxylic acid are all cell-possible substances, but Robinson's 
synthesis is open to objections, because the condensation leading to 
tropinonedicarboxylic acid was carried out in strongly alkaline solution, 
and the subsequent decarboxylation required physiologically impossible 
conditions. When, however, the condensation is accomplished in buf- 
fered solution (0.04 molar) between pH 3 and pH 11 at 25°, spontaneous 
decarboxylation takes place, and tropinone is obtained in excellent yields. 
The same mechanism may be imagined to operate in the formation of 
pseudopelletierine (p. 1182), the ling homolog of tropinone, in the plant. 
Here glutaric aldehyde, conceivably arising in the cell from the degrada- 
tion of lysine, NH 2 CH 2 CH 2 CH 2 CH 2 CH(COOH)NH 2 , takes the place of 
succinic aldehyde. By condensing glutaric aldehyde with methylamine 
and acetonedicarboxylic acid in solutions buffered to pH 7 at 25°, Schopf 
was able to prepare pseudopelletierine in nearly quantitative yield.^*^ 
The cocaine types, derived from ecgonine, demand the retention of 
one carboxyl group during the condensation. This, also, can be accom- 
plished under physiologically possible conditions (pH 5), if the mono- 
methyl ester of acetonedicarboxylic acid is used. 

CHz— CHO CHaCOOCHs CH*— CH CHCOOCH* 

I 

H,NCH, + CO NCH, CO 

CH*— CHO CHjCOOH CHf—CH CH* 

“• SchSpf. Ann., 497, 1 (1932). 

>u Sch&pf and Ldunann, Ann., 618, 1 (193S). 



1254 


OROANIC CHEMISTRY 


The alkaloids containing a quinoline nucleus could reasonably be sup- 
posed to be formed tbrough a FriedlSnder syntheds, condensation of 
o-aminobenzaldehyde with ketones. The oxidation product of (Kimino- 
benzaldehyde, namely anthranilic add, is found frequently in nature, 
and is observed as a degradation product from tryptophan in the animal 
body. Methyl ketones are present in many ethereal oils. The Fried- 
l&nder condensation, which would lead to the quinoline alkaloids of the 
angostura type, proceeds, however, only in alkaline solution, at pH 
11-12. The biosynthesis of the quinoline group appears to have its/ 
starting point in substances that may be regarded as the progenitors of 
the methyl ketones, namely the /3-keto adds. The synthesis of one of 
the members of the angostura alkaloids (p. 1208) illustrates this suf- 
fidently. Condensation of very dilute solutions of o-aminobenzaldehyde 
and caproylacetic add at 25° and pH 7-9 resulted in an excellent yield 
of a-n-amylquinoline.'“ 

H 



IHO CHjCOOH 

>>H7-e 
* 

NHi 0C(CH2)4CH, 



+C0, + 2H*0 

^C(CH*)«CH, 


The substituted phenylethylamines have long been considered as the 
probable parent substances of the extensive group of isoquinoline alka- 
loids. Most of these alkaloids carry groups in the 5 and 6 positions and 
might be formed from condensation of the appropriate aldehyde with 
the dihydroxyphenylethylamine (I), aridng from degradation of dihy- 
droxjrphenylalanine. The reaction with acetaldehyde, for example, takes 
place readily at ordinary temperatures in tire pH range 3-5, to give the 



tetrahydioisoquinoline derivative (II), which is a demethylated analog 
of the alkaloids camegine and salsoline.*" 

The fact that cameg^e and salsoline occur naturally as the racemic 
forms makes it seem probable that they are synthesized in a similar way, 

*** SdiSpf and Lehmann, Aim., M7, 7 (1032). 

U* SdkSpf and B^rerle, Arm., SU. 100 (1034). 
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and not under the influence of enzymes. The condensation under phyd- 
ological conditions has been extended by Hahn to the synthesis of 
benzylisoquinoline bases of the laudanosine type.^ 

For the ever-increasing group of alkaloids containing the indole nu- 
cleus, the building unit must be tryptamine, derived from tryptophan by 
decarboxylation. In this series, too, the mechanism been subjected 
to direct investigation. Tryptamine reacts with acetaldehyde at ordi- 
nary temperatures, and at pH 5-7, to give tetrahydroharman.™ 


Hj 



CH, 


The reaction does not proceed satisfactorily with more complicated alde- 
hydes, but succeeds with o!-keto acids, which are probably the biochemi- 
cal progenitors of the aldehydes. It is interesting to note that the 
condensation is accelerated markedly by sunlight. The problem of de- 
carboxylation under physiological conditions of the condensation prod- 
ucts from the o-keto acids has not been solved, but Hahn has used the 
method for the syntheris of the complicated skeleton present in the 
yohimbine group.*®* 

The synthetic methods outlined above have recently been applied to 
the construction of another complex nucleus, that of vasicine (HI). The 
quinazoline ssrstem present in vasicine may be imagined as arising from 
interaction of o-aminobenzaldehyde and a-hydroxy-7-aminobutyralde- 



HL VAsidne IV. DesoxyvaBioine 


hyde, followed by isomerization and shift of two hydrogen atoms. Un- 
fortunately, a-hydroxy-Y-aminobut3?raldehyde is not known, but 7-am- 
inobut3rraldehyde, in the form of the diethylacetal, is avsdlable, and the 
synthesis of desoxyvasicine (IV) by the use of this aminoaldehyde makes 
the above hypothesis of the biogenesis of vasicine seem reasonable. 

U« Halm and Sohalea, Ber., 68, 24 (1936). 
ui Hahn and Ludewig, Ber., 67, 2031 (1934). 
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In dilute solution, at pH 5, Y-aminobutyraldehydediethylacetal un- 
dergoes rapid hydrolysis and the liberated aldehyde condenses mth 
o-aminobenzaldehyde to the pseudo-base V. The pseudo-base isomerizes 
to the colored quaternary ammonium base VI, in which a shift of two 
hydrogen atoms to the quinazoline formula of desoxyvasicine takes place 
under the influence of palladium and hydrogen. 





If this process represents the biosynthetic course of vasicine formation, 
the last step, hydrogen shift, probably takes place in the plant through 
the action of enzymes.*®* 

Several other syntheses under similar conditions, as for example that 
of hygrine and of lobelanine,*** have been accomplished. Attempts to 
verify inviting theoretical relationships through oxidation or dehydro- 
genation reactions have not been successful. The conversion of hygrine 
to tropinone, which might be expected to proceed as follows, failed: 


CHjr-CH CHi 

I I 

NCHa CO 
CH*-CH* CH, 

Hygrine 


CHj— CH CH* 

NCHa CO 
CHr-CHOH CHa 

Hypothetical intermediate 


CH*-CH CH* 

NCHa CO 
CHr-CH CH* 

Tropinone 


The formal relationship existing between alkaloids of the benzylisoquino- 
line type and those of the aporphine or morphine series, as for example 
laudmioirine and g^ucine, has led to fruitless attempts to establish the 
miaaing linkage in such types. 

*•* SohOpf and Oedtler, Ann., SXS, 1 (1936). 
u^BoU&aon, J. Chem. Soe., 1079 (1936). 
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CH, 


CH, 



Lsudanosine 


Glauoine 


The hypothetical progenitor of the sinomenine series, protosinomenine, 
has been S3nithesized, and experiments on its conversion to sinomenine 
are in progress 



In spite of the disappointments mentioned, the success of the bio- 
synthetic methods described is inspiring. It can be predicted that, with 
refinements of technique and choice of more suitable reactants, syntheses 
of this type can be extended to afford a great deal of additional informa- 
tion on the probable mechanism of formation of the alkaloids in the plant. 
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INTRODUCTION 

H^oglobin and chlorophyll are, perhaps, the most important pig- 
ments in the economies of the higher animals, including man. Chloro- 
phyll acts as an intermediary in the fixation of the sun’s energy in the 
process of photosynthesis ' and is, consequently, responsible ultimately 
for all our food and most of our heat and power. The eflSdency of 
hemoglobin as a transporter of oxygen, as well as its versatility in being 
also a transporter of part of the carbon dioxide formed by combustion 
processes in the body, make possible the efficient mechanical perform- 
ance of the higher animals.^ \ 

Hemoglobin is a conjugated protein made up of heme, a complex of 
protoporph 3 nin and ferrous iron,* and globin,* a water-soluble, slightly^ 
basic protein, in the proportion * of 1 part of heme, molecular weight 61 6, \ 
to 26 parts of globin. It is interesting to note that no base of known 
structure has yet been discovered which will form a complex with heme 
and at the same time confer upon the heme the property of combining 
reversibly with oxygen in the manner of hemoglobin.® 

Catalase* is another conjugated protein which contains the same 
heme as hemoglobin, combined with a different protein. Catalase has 
the property of converting hydrogen peroxide to water and oxygen, and 
it is presumably because of this that hydrogen peroxide bubbles when 
poured on a wound. It does not possess the property of combining 
reversibly with oxygen, as does hemoglobin, and, conversely, hemo- 
globin does not possess the property of destroying hydrogen peroxide 
except to an extremely limited degree. These two examples illustrate 
the point that the physiological activity of iron-porphsnin complexes is 
largely determined by the nature of the constituent base.® Chlorophyll, 
at least as isolated, contains no protein and has as its metallic con- 
stituent magnesium instead of iron. Its chromophoric group is also 

^ See Gaffron, '‘Chemical Aspects of Photosynthesis,” Ann. Bev. Biochem., 8, 483-502 
(1939). 

* For a review of the literature on this subject see Peters and Van Slyke, "Quantitative 
Clinical Chemistry,” Williams and Wilkins, Baltimore (1931), Vol. 1, Chapter XII, p. 518. 

* Conant, J. Biol, Chem,, 57, 401(1923) ; see also Conant and Tongberg, i&td., 86, 733 
(1930). 

^ l^bertson, t&id., 18, 455 (1913) ; for a review see Anson and Mirsky, "Hemoglobin, 
the Heme Pigments and Cellular Bespiration,” PhyaioL Bev., 10, 506-46 (1930). 

* Cohn, Hendry, and Prentiss, J. Biol. Chem., 63, 721 (1925). 

* See W. M. Clark, "Potentiometric and Spectrophotometric Studies of Metallopor- 
phyxine in Coordination with Nitrogenous Bases,” Cold Spring Harbor Symposia on Qyan- 
auaive Biology, 7, 18 (1939). 

^ Sumner and Dounce, J, Biol. Chem., 1S7, 439-47 (1939). 

* Barron, Physiol. Bev., 19, 184 (1939) ; Warburg, Ergeb. Eraymforsch., 7, 240-43 (1938) 
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modified from a porphyrin to a chlorin, as will be detailed in the suc- 
ceeding chapter, resulting in the green color characteristic of leaves. 

Fortunately, the chemistry of the porph 3 rrin constituents of these 
complexes is now well understood, owing mainly to the researches of 
W. Kuster, R. Willstatter, and Hans Fischer and their collaborators. 
The first part of this chapter will be devoted to recounting the organic 
chemical work which led to the elucidation of the structure of hemin, 
the ferric iron-porphyrin complex obtained in crystalline form when 
hemoglobin is broken down in the presence of sodium chloride and acetic 
acid.® 


SURVEY OF THE DEGRADATIONS OP HEMIN 


Hemin was first crystallized, under the miscroscope, by Teichmann 
in 1853.^® Hoppe-Seyler undertook large-scale preparation of the ma- 
terial for chemical study in 1868.^^ He prepared the first porphyrin in 
1871 and by his degradations at that time inferred the relationship of 
hemin to p 3 rrrole.^® The complete s 3 mthesis of hemin was described by 
Fischer and Zeile in 1929.^^ The structure finally established by this 
synthesis is as follows: * 



cr 


* Schalfejeff, J, Rusa. Chem, Soc,, 30 (1885) ; Nencki and Zaleski, Z, physiol. Chem., 30, 
390 (1900); see also Fischer-Orth, *'Die Chemie des Pyrrols,” Akad. Verlag., Leipzig 
(1937), Bd. II. 1 Haifte. p. 377. 

Teichmann, Z. ration. Med., N.P’. 3, 375 (1853). 

^^Hoppe-Seyler, Med. Chem. Untersvohungen, 3, 379 (1868). 

“J6id.. 4, 540 (1871). 

■ 4, 524 (1871). 

Fischer and Zeile, Ann., 468, 114 (1929). 

* The distribution of the double bonds in the formula, which must be regarded as a 
conventionalized abbreviation of a complex resonating system, will be discussed later. 
The selection of two bonds as semi-polar is an arbitrary convention. It is even possible 
that the dilorine is not ionized, as represented, but resembles more closely the binding in 
ferric chloride. In this formula and all others which follow, the four carbons of the pyrrole 
rings will be represented by four of the comers of a pentagon but the nitrogen will be 
written in. 
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The burden of this discussion will be the analytical and synthetic 
evidence which has established the carbon-nitrogen structure formulated 
above. 

In 1896 Etister reported the isolation of hematinic acid,"* C 8 H 9 O 4 N, 
also called biliverdinic acid, from the products of the chromic add oxi- 
dation of hemin. The proof of the structure of this compound is 
based upon that of methylethylmaleiinide, which will be presented 
next. 

When hemin is reduced mildly and the iron removed, a substance 
known as mesoporph 3 nrin is obtained. “ On oxidation of mesoporphyrut 
with chromic add a new product appears together with the hematinic 
acid. This is methylethylmaleimide, I. Etister synthesized this mar] 
teiial by the method shown in Fig. 2.” 


CH,COCHjCOOCjH 6+ NaOC2H6 Na+(CH,COCHCOOC2H5)-+C*HsI 

GHjCOCHCOls + HCN • CH»C(OH)CHCsHb + H,0 

I I i 

COOCjHs ON COOCsHs 

CH,C(OH)CHC*H* CH,C==CCsHs + NH, -» CH,0=CX3 sHb 

II 

HOOC COOH 0-<! 0=0 0=0 0=0 

\/ \/ 


o 


NH 

I 


Fia. 2 


The fact that methylethylmaJeiinide appears only after mild reduc- 
tion suggests that unsaturated groups redudble to ethyl groups are 
present in the hemin molecule and are destroyed in the direct oxidation. 

The structiu% of hematinic add was inferred from its degradations.**” 
Thus its decarboxylation gave methylethylmaleimide. This reaction 
left three possible structures for hematinic acid; 

CsHbGiN -♦ COj -I- CH,0=CCjH» 

I I 

0=0 0=0 

\/ 

NH 

I 

••EQster, £«r., t9, 823 (1890). 

** Neadd and Zaleski, Ber., 84, 098 (1901) ; Zalesid, Z. phytM. Chem., 87, 07 (1002). 

** Kttater, Ann., 840, 1 (1900) ; see also Fittig and Parker, Ann., 807, 204 (1880). 

** ^) Dagradatiooa of hematinic acid: KOster, Ann., 810, 174 (1900) ; see also i^. 17 
9) filjmiheBis: Efiater and Weller, Ber., 47, 633 (1014). 
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C|Ht04N maybe 
H00CCH2C=CC2H6, 

I I 

o=c c=o 

\/ 

NH 

ii 


COOH 


CH*C=0— CH— CH,, CHaO=CCH2CHsCOOH 


I I 

0=C C=-0 

\/ 

NH 


ni 


or I I 
0=0 0=0 

\/ 

NH 

IV 


Fig. 3 


Upon oxidation, hematinic acid yielded succinic acid. This excluded 
formulas II and III and presented a reasonable formula IV as a basis for 
further structural deductions. Hematinic acid has been synthesized 
by a series of reactions strictly analogous to those cited above for methyl- 
ethyhnaleimide. 

Nencki discovered that hydrogen iodide was capable of cleaving 
hemin to give a mixture of pyrrole derivatives. This mixture was 
worked over by Nencki, Willstatter, Kiister, Khorr, Marchlewski, 
Piloty, H. Fischer, and others, and, in all, eight p3rrrole derivatives 
were isolated. These were: 


CHaji jjCaH* 

CHa' N. 

H 

Hemopyrrole 

V 


CH, iCsHj 
H 

Kiyptopyirole 

VI 



H 

Opsopyrrole 


VII 


CH; ,C2H» 

CH,>!^N^CH, 

H 

Phyllopyrrold 

VIII 


CHai nCH2CH2COOH 

ch, 1 .n^h 

H 


Hemopyrrole- 
Carboxylio Add 
IX 


CH, 1 CH 2 CH 2 COOH 

H^n^CH, 

H 


Kryptopyrrole- 
CarboxyUc Add 


H 

OpeopOTole- 
Carbox^io Add 
XI 


1CH2CH2C00H 

H 


Fig. 4 


CH2|| j]CH2CH2COOH 

ch.'LnJch, 

H 


Phyllop;mole^ 
Caroozyuo Add 
XII 


Nencki and Sieber, Arch. expU, PcUh. Pharm,^ 18, 418 (1884) ; Nencki and Zaleski, 
Ber., 84, 1002 (1901). 

For a summation of the literature on the hemopyrroles up to 1014 see Piloty, Stock, 
and Dormann, Ann., 406, 342 (1914) 
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THE STRUCTURES OF THE BASIC CLEAVAGE PRODUCTS OF HEMIN 

Modem pjrrrole syntheses of value in establishing the stmcture of 
the blood pigment stem from the studies made on the condensations 
of acetoacetic ester by Knorr in 1886.^^ Knorr found that isonitroso- 
acetoacetic ester could be reduced and condensed with acetoacetic ester 
in the same reaction mixture. In 1910“ Piloty discovered that the 
reduction product could be isolated in the form of its hydrochloride 
and then condensed later by slow neutralization in the presence of 
acetoacetic ester. These reactions are sketched below: 

CH3COCH2COOC2H6 + HNO2 

CH3COCCOOC2H6 + Zn + HCl CH3C0CHC00C2H6\ 

II I \ 

NOH NH3+CI- ' 

CHsC =0 HiCCOOCsHs CH: ,COOC,H5 

CsHjOOCCH 0 =CCH, CsHbOOC'v.n. 'CH» 

\nh, h 

XIII XIV 

Fiq. 5 

Pyrrole XIV was shown by analysis to have the composition 
Ci 2 Hi 704 N. 2 ^ Hydrolysis gave a dibasic acid, C 8 H 9 O 4 N, XV, showing 
the loss of two ethyl groups. This acid, on heating, readily lost two 
moles of carbon dioxide, giving a pyrrole derivative, CeHgN, XVI. On 
oxidation with chromic acid “ this gave citraconic imide, XVII, which 
had been synthesized much earlier.^ The degradations of pyrrole XIV 
are formulated below: 
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From the information ^ven above it ifnll be seen that the structure 
of Knorr’s pyrrole, XIV, as a derivative of 2,4-dimethylp3nTole is estab- 
blished. The syntheris excludes 2,3- as a possibility. The oxidation 
excludes 3,4- as well as 2,5- or any ethylpyrrole derivative. 

Although some of the structures involved had been established earlier 
by independent methods, perhaps the most elegant method used to 
establish the constitution of the basic cleavage products of hemin was 
based on a discovery made by Fischer and Bartholomaus “ in 1912 that 
P 3 nToles could be alkylated by autoclave reactions with sodium alcohol- 
ates. This reaction goes preferentially in the ce-position but may be 
forced in the jS-position by raising the temperature. The interrelation- 
ships worked out by Fischer are given below: 


CHi 

H' 


o 


jH 

CH, 


NaOCiHt 


( 1 ) 


CH.J— I 


H 


1C2H6 NaOC2H5 CHi 


CrOt, 

'(3) 




iCjHs 

CH, 


H 

Kryptopyrrole 

VI 



■N'' 

H 


|C,H5 

'=0 


(6) I CrO, 
CHsjj 


CH,' 


N-' 

H 

Hemopyrrole 

V 

Fig. 7 


(7)" 

NaOCH* 

(5) 


(4) NaOCHt 


..CrOs 


CH3, |C2Hb 
H 

Phyllopyrrole 

VIII 


Reactions (1) and (2) show that kryptopyrrole is a derivative of 
2,4-dimethylpyrrole. Reaction (3) shows that it is the 3-ethyl deriva- 
tive, not the 5-ethyl derivative. Reaction (4) shows that phyllopyrrole 
has the free 5-position of kryptopyrrole filled by a methyl group. Re- 
action (5) shows that hemop 3 rrrole is directly related to phyllopyrrole 
and must therefore be the 4,5-dimethyl-3-ethyl (2,3-dimethyl-4-ethyl) 
derivative of pyrrole. Reactions (6) and (7) confirm the presence of 
jS-methyl and ethyl groups. 

^ Fischer and Bartholom&us, Ber., 45, 466 (1912). 
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As au example of the type of synthesis used in preparing these sub- 
stances we may give the preparation of kiyptopyrrole. Tli^ was sjm- 
thesized from acetylacetone, XVIII, by the following series of reactions: 

CH,O =0 H,CCOCH, CH,jj nCOCH, 

C»H,OOCCH ^ 0=CCH, CjH»OOC'!vn J cH« 

zm xvin 3 ax 

Fig. 8 

The acetylpjTTole so obtained, XIX, “ was subjected to the WoMf- 
Kishner method of reduction, which is specific for carbonyl groups.**’ " 
The 5-carbethoxy group was hydrolyzed and decarboxylated by the > 
excess alcoholate necessary for the reaction. 

CH, 1COCH3 

„ „ + HjNNH, 

C*H600C«n.n^CH, 

H 

XIX 

NNHi 


CH, ,CCH, , „ 

CaHsOOC'xN^CH, ‘ leo" 

H 


Fio. 9 


CHi iCHjCH, 


H 


Kryptopyrrole 

VI 


THE STRUCTUSES OF THE ACIDIC CIEAVAGE PRODUCTS OF HEMIN 

The structures of the corresponding pjrrrole carboxylic acids IX, X, 
XI, and XII were proved by oxidation to hematinic acid, IV, and by 
decarboxylation to the corresponding pyrroles,** whose structures had 
been determined previously. In the course of the succeeding decade, 
independent syntheses which fully confirmed the structures assigned 
were worked out for all these sul»tances. In the devdopment which 
follows a few typical syntireses of these compounds will be sketched as 
the need arises for the use of the substances in succeeding condensations. 

*• Knonr and Hess, Bar., 44 , 27S8 (1911). 

Fischer, Baumann, and Biedl, Ann., 476, 239 (1929). 

^Piloiy, Stock, and Dormann, Ann., 406 , 346 (1914), 
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THE STRUCTURES OF DIPTRRTLMETHENES 

In 1916 Fischer^ showed that the bromination of kryptop 3 nTole 
or of hemopyrrole gave dipyrrylmethenes, and in 1926 Fischer and 
Klarer found that these gave porphyrins on heating with acid. Since 
most porphyrins are made from dipyrrylmethenes, the structures of the 
methenes must be established beyond doubt. The product obtained by 
the bromination of kryptopyrrole is chosen as an example, since con- 
siderable effort has been expended to establish its structure. 

A careful investigation of the substance obtained by the bromination 
of kryptopyrrole showed that it was a mixture of at least two com- 
pounds: 

H H+Br- . 

XX 

and 

CHsn .CaHs CHap— jCsHb 

CH==L^j^j;^JcH2Br 

H H+Br“ 

XXI 

Fia. 10 

Either of these substances on treatment with acid yielded a por- 
phyrin. When the extra bromine of the perbromide XX was removed, 
however, the resulting methene 

CHan nC2H6 CH8r==iC2H6 

Br^NX -CH= sN^CH, 

H H+Br- 

xxu 

Fig. 11 

was not capable of ^ving porphyrin upon identical treatment. This 
suggested that the ability of methene XX to give porphyrin was con- 
ditional upon its ability to be further brominated by its perbromide 
bromine to methene XXI. It should be noted that the poniion of the 
extra bromine in compound XXI has never been established unequivo- 
cally, but for the sake of general consistency with known pyrrole reac- 
tions and with the absence of bromine in the porphyrins formed from 

**Fisolier, Sitter, math, naturw. Abt, bayer. Akad. Wise, M^&nchen, 412 (1915). 

Fischer and Klarer, Ann,^ 448 , 186 (1926). 

Fischer, Baumann, and Riedl, Ann,, 476 , 216-236 (1929) ; also Fisdier and Kirrmann, 
Ann,, 476 , 277 (1929). 
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this and similar methenes it is formulated as being upon the a-methyl 
group. Methene XXII can be brominated to XXI, and the extra 
bromine can be removed by mild treatment with hydrogen iodide. 
Since this interconversion is possible, we shall concern ourselves only 
with the proof of the structure of methene XXII. 

Initially,^® the formulation of methene XXII was assigned because 
of the products obtained upon reductive cleavage of the material. 




H 

xxn 


CH; 


=^C2Hs 
^ +HI 

H+Br- 


CE 


iCsHs CH; 

H' 
H 


VI 


a 

H 

VII 

Fig. 12 


|C2Hb CHsjp iCaHs 
H 

VIII 


Because the carbon which was ori^nally present in the 2-position of 
kiyptopyrrole turned up in the 5-position of the phyllopyrrole obtained 
as a cleavage product, it w’^as inferred that it occupied both positions in 
the condensation product and hence was present as a bridge. When the 
structure of this compound became of critical importance, owing to the 
fact that it was an intermediate in the first successful porphyrin syn- 
thesis, the formulation was reinvestigated synthetically.®^ The prepara- 
tion starts from kiyptopyrrole: 


CH; 

H' 

H 

VI 


.CjHs 

+ C*HsMgBr 

'CH» 


CHgTi n02H6 

JQch. 

MgBr 

xxm 

Fig. 13 


CHi|i j|C2H6 

CjHsOOoLnJcH* 

H 

XXIV 


A certain amount of the N — COOC 2 H 6 compound, which is an oil, 
was formed by this reaction.*^ The preparation of the crystalline solid, 
XXIV, by direct hydrogenation of the acetylpyrrole, compound XIX," 
shows that it is really the oe-carbethoxy compound. This is now the 

** Fischer and Klarer, Ann,, 460, 181 (1926); Fischer, Kirstahler, and Zychlinsky, 
Ann., 600. 10 (1933). 

** (a) Signaigo and Adkins, J. Am. Chem. Soc., 68 , 710 (1936). (6) Corwin and Quattle- 
baum, ibid., 68 , 1084 (1936). 
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method of choice in the preparation of carbethoxykryptopyrrole. The 
synthesis continued: “ 

CHi ,C*Hj CHsn nCsHj 

CjHsOOC^kN-^CH, CiHsOOC'LNJcH^r 

H H 

XXIV XXV 

Fig. 14 


Further oxidation of the 2-mcthyl group in XXV to the 2-carboxylic 
acid,®® which can be hydrolyzed and decarboxylated to opsopyrrole, 
compK)und VII, establishes the fact that halogenation does not attack 
the j3-positions. 

CHsn nCsHfi CHsn nC2H6 

CiHsOOCVN JcHiBr 

H MgBr 

XXV xxin 


CH,i iCjH* CH; iCiHs 

C2H»OOC>ki,I^ CHj 

H H 

XXVI 

Fio. 15 


CHi ah* 
H 

VIII 


To show that the entering group went into the 5-position of XXIII, 
not on the nitrogen, the dipyrrylmethane XXVI was reduced with hydro- 
gen iodide to give phyllopyrrole, VIII.®^ Since the carbon atom which 
was known to be attached to ring I was then found attached to ring II, 
the dipyrrylmethane formulation was established. The synthesis then 
proceeded: 

CHsn nCsHs CHsn nCsHg ^ 

CsHsOOCIvn^ 

H H 

XXVI 

CH„ iCjHs CHai .CjHj 

hoocUvn-^ 

H H 

XXVII 

CH, iCjHs CH iCsHs 

^ Br«vN^ — CH= , VCHa 

H H+Br- 

XXII 
Fig. 16 

Fischer and Ernst, ilnn., 447, 169 (1926). 

®* Fischer, Sturm, and Friedrich, Ann,, 461, 269 (1928)* 
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It should be noted that the last step in this series includes three 
reactions: oxidation, decarboxylation, and bromination, and that the 
methane-carboxylic acid XXVIl has not been satisfactorily character- 
ized by analysis. Hence there is a jump of four steps from the last well- 
established compound, XXVI, to the desired methene, XXII. Further 
substantiation of the formulation given was obtained by still another 
method of synthesis: 


c: 

CjHiOOC' 


XJ 

H 

XXIV 


jCjHj 

CH, 


+ 8020* 


c: 

CiHsOO 


X 


iCjHs 


nv/axxe 

iJcHCl, 


- 1 -H *0 


CHi iCjHj , CHa, ,C*Hs CH,, iCjH* 

-I- HsO - ► I + , + HBr 

CjHsOOCk.N^CHO (N.OH) HOOCkN^'CHO 

H H H 

xxvni xxrx vi 


CH |C2Hj CHai ,C*H6 

HOOC^j^^ “CH= 

H H+Br- 

XXX 


CHaij IC 2 H 6 CHrf= iCaH* 

CH===J\j^,s!>’CH* 

H H+Br- 

XXII 

Fig. 17 


It will be observed that the final step in this syntheris is a two-step 
reaction involving both decarboxylation and bromination. As in the 
preceding synthesis, neither of the two carboxylic adds XXIX or 
XXX ” proved amenable to satisfactory anal 3 dical characterization, 
so that again it is four steps from the last completely characterized re- 
agents to the final methene. These syntheses do, however, make it 
clear lhat the identical methene system can be formed from three sets of 
initiftl products by three different routes. 


THE NATURE OF THE PORPHYRIN NUCLEUS 
Early Evidence 

The next step in the logical development of the structure of hemin 
is to establish the nature of the porphyrin nucleus. 'Vi^th the structures 
of the bade and addic cleavage products of hemin understood, we see 
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that the essential points in the structures of the rade chains of hemin 
are known. A molecular-weight determination,** which shows that there 
must be four pyrrole residues in a porph}rrin, combined with the results 
of an^y^, which show that there are two carboxyl groups,^* provide a 
basis for projecting possible formulas for hemin. It seems lopcal to 
suggest that the pyrrole rings are joined by bridges consisting of a single 
carbon atom, since all possible combinations of zero and one carbon 
occur in the o-positions of the p 3 rrrole derivatives isolated, but no two- 
carbon residue is found. 

In 1912*^ Kllster advanced a formula for hemin nearly identical 
with that shown in Fig. 1. Shortly after this Willstatter,*® Fischer,** 
and Piloty *® made alternative proposals for the structure of the por- 
phyrin nucleus. Willstatter’s tetrapyrrylethylene formulation achieved 
considerable notice and was not disproved until 1925 when Fischer*® 
prepared such a compound. Fischer’s proi)osal was an “indigoid” for- 
mula,*® essentially that of WillstS.tter but with pairs of pyrrole rings 
further paired by extra carbon bridges. The indigoid formula for po]> 
phyrins could hardly be entertained as a reasonable possibility, even in 
the absence of experimental refutation, since a model of the compound 
would involve strains of a sort which have never been observed in or- 
ganic compounds. On the basis of constantly accumulating synthetic 
evidence ** all these suggestions were finally discarded in favor of the 
Ktister type of formula. 


Modem Evidence 

Before proceeding to the details of the reasoning involved, it may 
be well to point out the fundamental difference between stmctural 
proofs in the porph 3 uin series and those in other branches of organic 
chemistry. The normal course of a structural proof is to study the 
compound in question by a number of degradation reactions sufifident 
to establish its stmcture with a reasonable degree of certainty and thmi 
to undertake a synthesis. Synthetic methods may then be used to dis- 
tinguish between a srnall number of alternative formulations which can- 

•* Zaledd, Z. pltysM. Chem., ST, 73 (1902) ; ibid.. 48, U (1904) ; FiwdMr and Ehhn, Ber. 
«S, 2308 (1913). 

” Kttater, Z. pbptiol. Ctum., 88 , 463 (1912). 

** WillBt&tter and Stoll, “Untereuchungen Ober Chlorophyll,” Julius Springsr, Bedia 
(1913), p. 42. See also Willstatter and M. Fisoher, Ann., 400, 182 (1918). 

^ Fisoher and R6ee^ Z» physud, Chent,, 89, 263 (1913) i Fisoher and EJarer, Ann., 448 
183 (1926). 

•• Fisoher and Bdler, Ann., 444, 238 (1925). 

*i Fischer, Balbig, and Walaoh, Ann., 458, 268 (1927). 



1272 


ORGANIC CHEMISTRY 


not be distinguished analytically. In the porphyrin field this method 
broke down because degradations drastic enough to break the porphyrin 
nucleus were also drastic enough to cleave the products of the porphyrin 
fission, leaving only small fragments. The method of degradation was 
not capable of establishing finally the nature of the porphyrin nucleus 
itself, much less of giving information concerning the relative positions 
of the side chains on the nucleus. For this reason the synthetic method 
was resorted to and exploited systematically by Fischer in the attack 
on the problem of porphyrin structure. 

It should be emphasized that, in this field, perhaps more than in any \ 
other, a brief review does the logic of the structure which has been 
erected less than justice. This is true because one of the essential fea- 
tures of the logic is the general consistency of a large number of syn- 
theses. Many of the key substances have been prepared by more than 
one method. Several substances in one series of compounds have been 
converted to those in another series which have been synthesized inde- 
pendently. Thus the whole porphyrin structural argument should be 
regarded not as a chain of links but as a fabric of interlinking chains, the 
number of whose interconnections probably constitutes the most con- 
vincing argument for the soundness of its parts. 

The most striking physical characteristic of a porphyrin is its absorp- 
tion spectrum.^ Although porphyrins which are not isomeric may have 
sensibly identical spectra,^ and although variations in the nature of the 
side chains of the nucleus may produce marked changes in the positions 
of the absorption bands and even inversions in their intensities, never- 
theless, through wide variations in structure, there remains a qualita- 
tively characteristic four-banded spectrum. 

Using the absorption spectrum as the major criterion of success or 
failure, Fischer was able, finally, to achieve a porphyrin synthesis.*® 
After this he rapidly devised alternative methods for producing the 
porphyrin nucleus, which showed the nature of the linkages in the ring 
system. 

Octamethylporphyrin " was prepared by two methods: ^ 

^ Fischer, Z, physiol. Chem., 138 , 307 (1924). 

Fischer and Walach, Ann., 460 , 166 (1926). For the purpose of systematic nomen- 
clature Fischer coined the term “porphin’* to indicate the i>orphyrin nucleus. It is the 
opinion of the present author that this gives rise to unnecessary complications and is 
counter to established chemical usage. Hoppe-Seyler, who discovered the porphyrins, 
should be permitted to retain the honor of naming the class, in accordance with custom. 
It should be noted, further, that it has never been considered necessary to alter such terms 
as bensene, naphthalene, and anthracene when systematising substitutions in the nuclei, 
e.g., 1,4-dimethylnaphthalene is not called **l,4-^methylnaphthene." 

^ ^oher and Walach, Ann., 460 , 174 (1926) ; Fischer, Halbig, and Walach, Ann., 488 , 
879 (1927). 
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CH„i 

Br 


[an |CH, CH,j==,CH, 

H 


'CHaBr 
H+Br- 


H+Br- 

BrCHa^Nv, 

CH^ !CHa 


+ 



Br 

CHa 


■> Octamethylpoiphyiin 


CHaji jCHa CH^===jCHa 

bJLn J CH .^Jbt 

H H+Br- 

+ 

H+Br- H 

BrCH*,<iS»N> ^NVjCHaBr 

CHf ■ IHa CH, CHa 

Fia. 18 


If we assume that no molecular rearrangement has taken place, the 
CH 2 Br- group on ring 2 in the first synthesis has the same function as 
that on ring 3 in the second synthesis. This can be true only if the carbon 
concerned is functioning as a bridge between lings 2 and 3 in the por- 
phyrin. If we assume that reaction conditions favorable to the con- 
densation of rings 2 and 3 should also favor the similar condensation of 
rings 1 and 4, we have groimds for assuming that the porphyrin formed 
is actually a large ‘ ^doughnut' ’ ring, with four equivalent carbon bridges 
joining four pyrrole rings. 

When the syntheses above were completed, Fischer adopted the 
large ring formulation of Kiister for the porphyrin nucleus and proceeded 
with numerous syntheses on this basis, none of which gave results 
incompatible with this formulation. A number of syntheses were also 
tried in which one or more of the structural elements necessary for the 
large ring formulation were lacking and in nearly all cases the results 
were negative." These negative results cannot be accepted as conclu- 
sive, however, for certain syntheses in which all necessary structural 
elements are present also fail to go. This is due perhaps to insufficient 
activation of the a-positions by the groups occupying the jS-positions. 
The fact that syntheses lacking some of the structural elements were 
not uniformly unsuccessful would be more disturbing were it not for the 
difficulty of insuring purity of the materials entering into the reaction 
to an extent compatible with the extremely small yields obtained. For 
a time the logical inconsistency involved here could be overlooked be- 
cause of the general consistency obtained in a constantly increasing 

« Fischer, Sturm, and Friedrich, Ann., 461, 264-6, 262 (1628). 
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number of porphyrin syntheses. Fortimately, however, Fischer later 
worked out a logically convincing proof of the cyclic nature of the por- 
phyrin nucleus wliich, so far as we are aware, has no parallel in struc- 
tural chemistry. Because of its unique nature, this proof deserves a 
distinctive name, and we shall call it the method of ''progressive pairing 
of quadrants.'^ 

Examples of the method of progressive pairing of quadrants appear 
in the syntheses of two of the chlorophyll porphyrins, pyrroporphyrin 
and rhodoporphyrin.^** We shall choose the syntheses of rhodopor- 
phyrin to illustrate the method and shall leave for a later section the 
nature of the reasoning which led to the selection of this particular 
order of substituents. 

If we consider, geometrically, a cyclic system made up of four dif- 
ferent structural elements, all joined, we shall see that there are two 
methods of putting the structure together from paired elements: 


Fig. 19 

A brief consideration of the geometry of the figure will show that a 
structure made from the pairs 1-2 and 3-4 which is identical with a 
structure made from the pairs 1-4 and 2-3 must be cyclic. 

For the argument to retain its validity, it is not necessary that all 
the structural elements be different. The argument is equally valid in 
the following case: 


Fig. 20 

Zt is because the argument breaks down when the four structural 
el^ente are made up of only two different kinds that it was necessary 
to wait until more complicated porphyrins were synthesized before the 
reasoning could be applied. 

** (a) Fiacher, Bmg, and SchormtQler, Ann., 4S0, 136, 144 (1930). (6) Fiadier, Bare 
and SohoraitUlw. Ann., 480 , 131, 134 (1030). 
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The first synthesis of rhodoporphyrin was accomplished in the fol- 
lowing manner: 

HOOCCHjCHan nCH, CHj iCkH* 


H' 


a 

H 

XXXI 


iCH, CH, 

'H CHOlkN-^CH, 
H 

XXXII 


HOOCCH 2 CH 2 |t 1 C/H 3 CHs j — '| C2H5 
hI, “CH= 


H+Br- 


XXXIII 
Fig. 21 


The fact that the aldehyde synthesis took place by condensation under 
the methyl group of XXXI and not under the propionic acid group was 
demonstrated by a reversed synthesis: 


HOOCCHaCHan rCHz CH 3 , 

I I "1“ “H HBr ■ 

H>kN J'CHO HVn^CH, 

H H 

XXXIV VI 


HOOCCHjCHj, ,CH, CH«====jC2H6 


XXXIII 

Fig. 22 


H+Br“ 


For the reasoning to be convincing, it is necessary to locate the 
aldehyde group in compound XXXIV. This was prepared by the fol- 
lowing reaction: ^ 


HOOCCH 2 CH: 

B} 


H 

XXXI 


iCH, 

H 


H 

+ C1C=NH (HCN + Ha) -»■ 


HOOCCHsCHiaj jiCH, 

H'is.N-JlcH=NH,+Cl- + H2O 
H 

XXXIV 

Fig* 23 


HOOCCHgCH,, 


a 


'N- 

H 


HO 


Its structure was then proved by its reduction to hemopyrrole car- 
boxylic acid,® whose structure was known.® 

Fischer, Berg, and Schormilller, Ann,, 480 , 136 (1930) ; Fischer, Friedrich, Lamatsoh, 
and Morgenroth, Ann., 466 , 176 (1928). 

Fischer and Treibs, Ber., 60 , 379 (1927). 

« Fischer and NUssIer, Ann., 491 , 186 (1931), 
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HOOCCHjCHs, |CH8 H00CCH*CH, ,CH, 

H H 

xxxrv IX 

Fig. 24 

This last reaction finally established the position of the linkage in 
the methene XXXIII. 

The other methene for the synthesis of rhodoporphyrin was pre- 
pared by the following reaction: 

C 2 H 6 OOC, |CH, CnHs, ,CH* 

CH<A.n^COOH 
H H 

XXXV XXIX 

CsHsOOC, |CHj CsHir— iCHj 

-CH= ^n^COOH 
H H+Br- 

XXXVI 

Fig. 25 

Both the methenes were then brominated, the latter with decar- 
boxylation, and the condensation to the porphyrin was brought about 
in an acid melt: 

HOOCCH*CH*|| nCHa CH3i===jC2H6 

Brl^ -CH= n^JcH, 

ii XXXIII H+Br- 

+ 

H+Br- H 

C 2 H 6 OOC ' ' CH 2 CjHs' CHs 

XXXVI 



RJbodoporphyrin Monoethyl Ester 
XXXVII 

Fig. 26 


The yield in this reaction was 0.1 per cent. 
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The alternative syntheas of rhodoporphyrin was undertaken in the 
following manner: 

CHaj nCOOCsHB HOOCCH*CHii| |CH, + HBr 

CRKjifJcm nkN^cooH 

H H 

CHsn jiCOOCsHs HOOCCH*CH2====jCH, 

CHjILnJ -CH^ <N^COOH 

H H+Br- 

XXXVIII 
Fia. 27 


Methene XXXVIII lost carbon dioidde spontaneously upon recrystalli- 
zation to yield the substance with a free a-position, XXXIX, which was 
then brominated: 


CHj»| jjCOOCsHs 


H 


HOOCCH*CHsf— iCHa 
-CH= 

H+Br- 

XXXIX 


CHi COOCaHa 

CHa^N^ 

H 


H(X)CCH2CHaf====,CHa 

-CH= ,N*^Br 

H+Br- 

XL 


Fiq. 28 


The methene for the other half of the molecule was obtained by the 
bromination of hemopyrrole: 


CH, 

CHa' 


a 


iCaH* 

'H 


+ Bra 


H 

V 


XU 


Fto. 29 


iCaHa 



These methenes were then combined in the porphyrin syntheds shown 
below in Fig. 30. In this synthesis, althou^ 2 grains of the methene 
mixture was used, the yield was so small that only enough material for 
melting-point comparison was obtained. With two such examples of 
progressive pairing of quadrants,^ the nature of the porphyrin nucleus 
was established. 
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HOOCCHtCH ^- | CH, CH«i pCsH, 

N^^Br BrCHa'kN^* 


/ 


H+Br- 
CH + 

H 


CH 


CjHsC 


HOO(X:H*CHs| 


oX^: 

XL 


Br-H+ 


CH* CaHj 


Q 


CH* 


XLI 

Sn rjCH, CHif==jC2H6 

XnJ CH=<n^. 


sN- 

H 


HC 

CaHsO' J' 


CH 


-CH= 


H 


=!CH3 CaHfi? 
XXXVII 

Fig. 30 


JCHa 


CONFIGURATIONAL STUDIES 


The next step in establishing the formula for hemin was to learn the 
order of the substituents in the ix>rphyrin nucleua It had been dis- 
covered that it was possible to degrade hemin, by reduction and subse- 
quent pyrolysis, to a material called etioporphyrin.^ Since this etio- 
porphyrin gave methylethylmaleimide on degradation and since its analy- 
sis corresponded well with the formulation as tetramethyl tetraethyl- 
porphyrin, the possibilities for identification of the natural product 
through this derivative were canvassed. Using the Kiister porphyrin 
formulation, four etioporphyrins can be written.®^ 



CH, 
CH, 

C2H5' , 

C2H5‘ 



C2H15 CHji — 1C2H5 

^CH3 C2H5H^02H5 
C2H5 CHs^n pCI^ 
w- CHa* — ^CaHs 


III 


CH. 


Fig. 31* 


All four of these porphyrins were synthesized and the natural product 
was compared with them. Unfortunately, however, no method for iden- 
tification was found which was capable of proving identity unequivo- 
cally,^ since all of them melted with decomposition at a high temper- 

WiUst&tter and Stoll, “Untersuchungen fiber Chlorophyll,” J. Springer, Berlin (1913), 
p. 411. See also Willstatter and M. Fischer, Ann., 400, 182 (1913). 

Fischer and Stangler, Ann., 469, 62-3 (1927). 

* We shall adopt Fischer’s shorthand system for representing the porphyrin nucleus 
by omitting all the bridges and rings and representing each pyrrole ring by only a bracket 
for its jS-positions. 

Fi$ober »nd SUuif^ler, Ann., 469, 60 (1927), 
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ature. It was necessary to abandon this short cut, then, and to choose 
a substance for the comparison which could be identified by its melting 
point, even though the munber of possible isomers was materially 
larger. The substance chosen was mesoporphyrin, prepared as described 
on p. 1262. This substance is a tetramethyl, diethyl, dipropionic add 
porphyrin, and its dimethyl ester melts low enough for identification 
purposes. 

Fifteen mesoporphyrins are possible. Fischer set out to synthesize 
as many of these as necessary to duplicate the natural product, starting 
with the methenes which were most readily available. In this venture 
he was much more successful, arriving at the natural product very early 
in the series. This was shown to be number IX in his table of the pos- 
sible isomers of mesoporphyrin and was derived from etioporphyrin III. 
It was synthesized by the following reaction: 


CH.,! 

BrCH; 


CHai 


IC2H5 

jq^^CH2Br 
H+Br- 



=1CH2CH2C00H HOOCCH 2 CH- 
xLin 

CHan nC2H5 CHjf— iCaHa 



,Br 

CH, 


HC 




H 




J 


H 

1 1 
chJ==J 

^JuL— 

CH* 

chJ 



JCH, 


CH 


I 

CH* CH* 

I 1 

COOH COOH 

XLIV Mesoporphyrin IX 
Fiq. 32 


The yield in this case was more than 30 per cent of the theoretical. 


DEVELOPMENT OF THE HEMIN SYNTHESIS 

At the time when the synthesis of mesoporphyrin was completed, it 
was known that hemin contained two unsaturated side chains which 
wwe saturated by the conversion to mesoporphyrin. Fischer believed 
Fischer and Stangler* Ann., 459* 72 (1927). 
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that one of the side chains was acetylenic and the other ethylenic.^ 
However, no method existed for synthesizing porphyrins with unsatu- 
rated side chains. Fischer determined to explore the possibilities of synthe- 
sizing such porphyrins by introducing acetyl groups into free jS-positions, 
reducing to a-hydroxyethyl groups, and dehydrating. Such a dehydra- 
tion had been accomplished before in a resynthesis of hemin from hemato- 
porphyrin,“ which contains two molecules of water more than hemin. 

Earlier it had been shown that bacteria could remove the unsaturated 
side chains from hemin with the formation of deuteroporphyrin.“> 
Schumm then prepared deuteroporphyrin by the pyrolysis of hemin ini 
resorcinol.®^ A synthesis was soon devised to establish the structure i 
of this material. Because of its importance, we shall trace the course 
of this synthesis from the original condensations. 

The starting point was ethyl methyl ketone: ®* 

CH3COCH2CH3 + RONO + HCl CH3COCCH3 + SnCb CH3COCHCH3 


NOH NH3+CI’ 

Fig. 33 


a-Amino ketones of this type are stable only in the form of their hydro- 
chlorides. When neutralized they condense with themselves or with 
other substances which may be present. In this instance the amino 
ketone was condensed with ethyl oxalacetate, XLV, by the slow addi- 
tion of alkali, which also accomplished hydrolysis of the a-ester group 


to XLVI.®» 

CHiO^O H2CCOOC2HB 
1 + 

CHaCH 0=CC00C2 Hb 

NH2 XLV 


CH, POOC2HB CH;^ nH 

+ NaOH- ► I 1 

CH,' N, 'COOH (i60») CHsVn^H 
H H 

XLVI XLVII 

Fig. 34 


A second quarter of the deuteroporphyrin was prepared from 2,4- 
dimethylpyrrole: 


Hn nCHa Cl 

CHa'v.N^H ^CH=NH 
H 

XVI 


H„ „CH, 

CH,‘k.N^CH=NH*+Cl- 

H 

Fia. 35 




CHa 

CHO 


H 


XLVIII 


^ FiAcher and Zeile, Ann., 468 , 100 (1929) ; see also Willst&tter and Stoll, “Untersuch- 
ungen ttber Chlorophyll,” J. Springer, Berlin (1913), pp. 36-42. 

^ Fischer and Lindner, Z. physioL Chem,, 148 , 141 (1925). 

** Fischer and Lindner, ibid., 161 , 17 (1926). 

"Schumm, ibid., 176 , 122 (1928); ibid., 178 , 1 (1928). 

" Fischer, Beller, and Stern, Ber., 61 , 1077 (1928). 

" Piloty and Wilke, Ber., 45 , 2586 (1912) ; Fischer and Kutscher, Ann., 481 , 199 (1930) 
" Fischer and Zerweck, Ber., 66, 1949 (1922). 
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These substances were then condensed to yield a methene, XLIX, half 
of the deuteroporphyrin molecule.*^ 

Hi 1CH3 Hn- 1CH3 H| 1CH3 H| [OHs 

CHs'kN.^CHo'^H'LNx^CH*''' CH,'vn^ -CH= 

H H H H+Br- 

XLVIII XLVII XLIX 

Fio. 36 


The synthesis of the other half of the molecule was a longer process, 
starting from compound XIV, prepared above. This material hydro- 
lyzed preferentially in the /S-position when treated with concentrated 
sulfuric acid: 


CH; 

CsHbOOC 


a 

H 

XIV 


rCOOCiHs H28O4 


'CHs 


CHi 

CjHsOOC 


P 

H 


iCOOH Heat 


CHa 


CHa, |H acH=NH, 


CH, 


a|r 


|CHO chi(cooh )2 


CaHsOOC^kNAJHa ' CaHsOOC^kNx^'CH, 

H H 

CHan nCH=CHCOOH NaHg 

PcH. — * 


CO2 + 


CaHsOOCi 
CHan 


H 


an jiCHaCHaCOOH** bi. CHan nCHjCHaCOOH 

CaHaOOC'LiitJcHa ^ CaHaOOCVNJcHaBr 

H H 

L 

CHaO “h HBr + 

CHaj] nCHaCHaCOOH HOOCCHaCHa CH* 

CaHaOOclLN-^ -CHy VNx^COOCaH* 

H H 

Hrf> CHan nCHaCHaCOOH HOOCCHaCHan nCHa 

(NaOH) ■ HOOCiLn-^ -CHa- kN^COOH 


H 

Br, iCHaCHaCOOH HOOCCHaCH, 

CH= 

H 

Fio. 37 


H 




H+Br- 
XLUI 


Fischer and Eirstahler, Ann,, 466, 178 (1928). 
,«> Fischer and Waiaoh, Ber., 58, 2820 (1925). 

** Fisidier and Andersag, Ann,, 460, 216 (1926). 
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These two methenes, XLIX and XLIII, were then combined in an acid 
melt to give deuteroporphyrin.*^ 



HOOC COOH COOH COOH 


XLIII LI Deuteroporphyrin IX 

Fig. 38 

The dimethyl ester of the synthetic product gave no melting-point 
depression with that from the natural product, and the synthesis thus 
demonstrated again the order of the groups in the side chains. 

The introduction of two acetyl groups into the deuteroporphyrin 
molecule was soon achieved. In line with other observations, it was 
found that the Friedel-Crafts reaction proceeded more smoothly on the 
iron complex than on the free porphyrin. For this reason deuterohemin 
IX (Fig. 39, LII) was used for the synthesis : 

CH,n nH 1 + 
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The reduction of this porphyrin turned out to be a matter of con- 
siderable difficulty and was solved only by recourse to a method which 
had lain dormant in the literature for nearly a hundred years. Dumas 
and Stas had discovered that ethanol and potassium hydroxide react 
to form hydrogen and potassium acetate according to the following 
equation: 

C2H6OH + KOH CH3COOK + 2H2 


Fischer found that, in the presence of a reducible substance, the 
reaction led to reduction of the organic residue: 



LIV 


CH, +KOH + 
COCH, C2H5OH 


CH3 
HC 


CH3 


A 


:T 


N' 

H 

N N. 


CH(OH)CH, 
CH 


1 


CH, 


HOOCCHjCH,! ^ yCH(OH)CH, 

HC= ”” 


HOOCCHiCH, 



CH 
CH, 


LV 

Hcmatoporphyrin 

Fig. 40 


The porphyrin obtained from this reduction proved to be identical 
in all respects with natural hematoporphyrin, a result which was not 
expected at the time. Since the material was hematoporphyrin, the 
theory that hemin had one acetylenic link had to be discarded, for the 
process used in the synthesis could hardly be interpreted as leading to 
the formation of the enolic side chain required by an acetylenic deriva^ 
tive. Accordingly it became necessary to formulate hemin with two 
ethylenic side chains in the 2- and 4-positions. The remainder of the 
hemin synthesis had been completed previously, starting with naturally 
obtained degradation products. From hematoporph 3 nrin, protopor- 

^ OuxnftB and Stas, A.nn»t 35, 132 (1840) ; C. Hell, Ann»t SSS, 269 (1884). 
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phyrin was obtained by dehydration, and, from this, hemin was pre- 
pared by introduction of iron: 



Fia. 41 


FURTHER CONSIDERATIOH OF THE STRUCTURE OF HEIOR 

It will readily be appredated, after perusal of the foregoing section, 
that the configurational studies on hemin rest entirely upon synthetic 
methods. During the past few years it has become increasingly apparent 
that structural proofs based upon the aldehyde ssrnthesis of methenes 
may be op«i to question in certain cases. Anomalous reaction products 
have now been obtained from a number of methene syntheses." 

** Corwin and Andrews, J. Am. Chem. Soc., 58, 1086 (1936) ; Corwin and Andrewa 
ibid., 89 , 1973 (1937) ; Paden, Corwin, and Bailey, dnd., 68 , 418 (1940). 
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It has been shown that the aldehyde synthesis of methenes may 
3 deld at least three different products. If pyrrole lings with different 
substituents in the 1-, 3-, 4-, and 5-positions are marked by distinctive 
numbers, these products may be represented as follows: 

[^cho'^hC^ ’ 

H H H H+Br- 



H H+Br- H H+Br- 

Fia.42 


Thus the normal unsymmetrical methene I-II may not appear and 
may be replaced by either of the symmetrical methenes, I-I or II-II. 
These difficulties are easily recognized if the alternative reaction prod- 
ucts vary widely in analysis. If they are isomeric, however, the situa- 
tion becomes more complicated. Reference to the synthesis of deutero- 
porphyrin will show that the ssmthesis of the tetramethyl methene, 
XLIX, used in this series, is just such a case. All three possible methenes 
would have the same analysis. 

This methene synthesis has now been reinvestigated in the light ol 
the known methene anomalies.” Each of the symmetrical methenes 
has been prepared and characterized: 



H 


XVI 


4- HCOOH 


Hn jjCH, CHs jH 

H H+Br- 

LVII 



LVn6 m.p. llft-118* 


CHm nH Hjj nCH, CHsjj J.H H|— |CH, 

CHakN JcHO JcH, CH,kN 

H H H H+Br- 

LVIIl XLVII LK 

CHajj nH Hj===jCH, 

H 

LlXi m-p. 116* 


Fia.43 


” Corwin and KrieUe, ibid., 63, 1829 (1941). See also FUoher and Endermann, Ann, 
846, 148 (1940). 
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In the latter aldehyde condensation there is no possibility of an unsym- 
metrical product. 

When the condensation used in the deuteroporphyrin s3nithesis, Fig. 
36, was repeated under anhydrous conditions, a methene was obtained 
which was different from either of the symmetrical methenes. It would 
be inferred, then, that this was the unsymmetrical methene, since it 
gave melting-point depressions with each of the symmetrical methenes 
and showed the correct analysis. Its melting point was 32° lower than 
that recorded by Fischer for the material used in the hemin S 3 mthesis, / 
however. Since Fischer’s melting point corresponded to the symmetrical \ 
methenes LVII6 and LIX6, it might be inferred that the wrong inter- 
mediate had appeared in the hemin synthesis. Accordingly the corre- 
sponding deuteroporphyrins were prepared by appropriate condensa- 
tions. These were found to be three individuals, easily characterized. 
The unsymmetrical methene gave natural deuteroporphyrin. Thus it 
is apparent that the aldehyde synthesis did not follow an anomalous 
course. The structure of hemin as originally formulated is confirmed 
by this work, but the physical properties of the intermediate methene 
must be revised. 

THE “FINE STRUCTURE” OF THE PORPHYRIN NUCLEUS 

The question of the so-called fine structure of the porphyrin nucleus 
is one which has received some attention in the literature but one on 
which decisive experiments are still lacking. Fischer early considered 
the possibility that porphyrins might exist in isomeric forms depending 
upon the positions of the hydrogens on the nitrogens of the nuclei.®® 



LX LXl 


Fig. 44 

While isomers of this type might be tautomeric and capable of inde- 
pendent existence, all differences between the two types would disappear 
upon conversion to a metallic complex or to an acid salt: 

^ For A summary of the literature see Fischer-Orth **Die Chemie des Pyrrols/* Akad 
Verlag., Leipzig (1937), Bd. 11, 1 HlOfte, pp. 172, 233. 

** Fischer and Stangler, Ann., 459 , 54 (1927). 
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LXb LXIb 

PlQ. 45 


Inspection of these formulations will show that they are electronic 
isomers since models of them require no shift of atomic nuclei for inter- 
conversion. Therefore, according to all the rules of experience, they 
should not be capable of differentiation, just as it has proved impossible 
to isolate isomeric forms of ortho-disubstituted benzene derivatives. 
For this reason it seems improbable that isomers which have been iso- 
lated from an acid tnelt or purified by acid fractionation or which give 
different metallic complexes can be formulated as ^^N-isomers'’ of this 
type.’® 

Huggins suggested another possibility for isomerism which might 
exist in certain unsymmetiically substituted porphyrins: 



LXII LXIII 


Fiq. 46 

Coaaiit and Bajley, •/*. Am. Chem. 8oc„ 6S, 796 (1933) ; Corwin and (}uattlebaum 
ibid., 68, 1081 (1936) ; compare Rothemund, ibid., 61, 2912 (1939). 

See Corwin and Quattlebaum, ibid., 68, 1082 (1936), footnote 6. 
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Construction of a model of this type of compoimd shows that the inter- 
convendon of the isomers should require a marked shift of atomic cen- 
ters, the bridged nitrogens being closer together than the unbridged 
ones. This NH-bridge type of isomerism should also disappear on 
acidic salt or metallic complex formation, however. 

In his studies of the structure of phthalocyanin, LXIV, by the x-ray 
method, Robertson” showed that pairs of adjacent nitrogen atoms 
were closer together than opposite ones. This made it seem probable 
that the force joining these atoms was due to hydrogen bridging from/ 
NtoN: 



This work on a closely related substance makes it appear quite probable 
that porphyrins will also be shown to have NHN bridges joining adjacent 
pjrrrole nuclei. 

Various attempts have been made to adduce the “positions” of 
double bonds in the porphyrin nucleus by physical methods such as the 
measurem^t of absorption spectra and magnetic properties. These 
can hardly receive serious consideration until a much larger mass of 
data has been accumulated or until the theory concerning them has been 
refined sufficiently to give confidence as to their reliability. In view of 
past experience with smaller resonating ^sterns, it seems that any 
attempt to formulate fixed bonds in the large conjugated system of the 
porphyrin ring will remain arbitrary for some time and wiU then have 
to withstand controversial fire before it can be accepted. 

It will be noted that, in the coordination complex hemin, iron is 
tetracovalent. Studies of iron complexes have shown that the h^ca- 
covalent state is of much more frequent occurrence ” and suggest that 

^ Robertson, J. Chem, Soc., 1195 (1936) ; Robertson and Woodward, ibid., 219 (1937). 

^*See, for instance, Ephraim, **.^jiorg. Cbem.,*’ Verlag Steinkopf, Dresden (1934). 
6 Aufl., pp. 268~271. 
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a complex such as hemin should readily add substances capable of 
coordination. That this is true is shown by the formation of complexes 
with a large variety of organic bases. Surprisingly enough, these com- 
plexes are relatively unstable. The ability to coordinate seems to be 
the basis for the utilization of hemin in hemoglobin. Globin, a high- 
molecular-weight protein base, is capable of forming a very stable co- 
ordination complex with the reduced form of hemin to make hemo- 
globin. Furthermore, this base so modifies the nature of the iron atom 
that it becomes capable of combining reversibly with molecular oxygen. 
The reasons for these chemical peculiarities of globin are unknown at 
the present time, and the search for them will be one of the interesting 
chemical investigations in this field. 


OTHER PORPHYRINS 

Various porphyrins not directly related to hemin have been found in 
natural sources or have been prepared from natural products. The most 
important of these are the koproporphyrins, the uroporphjnins, and the 
chlorophyll porphyrins. 

Koproporphyrin I, corresponding in its arrangement of side chains 
to etioporphyiin I (see p. 1278), with the exception that the four ethyl 
groups are replaced by four propionic add groups, was first isolated 
from feces.” It has also been isolated from urine and from various 
organs in cases of porphyrinuria, or porphyria, in which abnormally large 
amounts of porphyrins are excreted." Free porphyrins in the blood 
stream give rise to hy^rscnsitivity to light, and victims of porphyrinuria 
who do not eliminate the porphyrins rapidly enough suffer severely from 
even moderate exposures to light. The structure of this compound has 
been established by synathesis." In certain cases koproporphyrin III, 
corresponding in structure to etioporphyrin III, also appears in the 
excreta. Uroporphyrin I ” contains eight carboxyl groups and can be 
decarboxylated to koproporphyrin I, but the positions of the extra four 
carboxyl groups have not yet been definitely assigned." 

Fischer, 2. physiol, Chem,t 96, 156 (1915). 

Fischer, Hilmer, Lindner, and POtzer, ibid., 150, 44 (1925). For a complete discus- 
sion see Vannotti, 'Toiphyrine und Porphyrinkrankheiten,'’ J. Springer, Berlin (1937). 

Fischer and Andersag, Ann., 450, 212 (1926). 

Fischer, Z. physiol. Chem., 95 , 43 (1915). 

Fischer and Zischler, ibid., 245 , 123-38 (1937) ; Fischer and Hofmann, ibid., 246 , 
15-30 (1937); Fischer and MlUler, Und., 246 , 31-42 (1937). 
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THE CONFIGURATION OF CHLOROPHYLL 

By far the largest group of porphyrins numerically has been obtained 
from one or another of the multitudinous degradations of chlorophyll. 
Since the variety of the side chains on the chlorophyll porphyrins is 
larger than that in the hemin porphyrins, the possibilities for isomerism 
are correspondingly increased and the configurational problem, attacked 
from the S3aithetic point of view, becomes correspondingly more diffi- 
cult. We shall consider the proof of the structure of pyrroporphyrin, 
a substance obtained by drastic alkaline degradation of chlorophyll 
derivatives. 

By analysis and degradation pyrroporphyrin was shown to be a 
tetramethyl, diethyl, monopropionic acid porphyrin ™ Twenty-four 
isomers of this compound can be written. By filling the vacant jS-posi- 
tion with an ethyl group, however, the number of possible isomers is 
reduced to eight.*® Experimentally, this synthetic operation was carried 
out on pyrroporphyrin through the iron complex as follows: “ 

^'^RH + Fe Acetate + NaCl -4 (Fe>IlH)+Cl- + (CH»C0)»0 

Pyrropoxphyrin Pyrrohemin 


(Fe>RCOCH«)+Cl- + HQ 

Aoetyl pyrrohemin 


>RCOCH, + KOH + CiHsOH 
W 

Aoetyl pyrro- 
porpnyrm 


^^RCH(OH)CH, + HI 

Hydroxyethyl 

pyrroporphyrin 


>RCHsCH, 

h/ 

Ethyl p3nTO- 
porphyrin 
LXV 


Fio.48 


This ethylpyrroporphyrin is, th^, a tetramethyl triethyl monopropionic 
add porphyrin. All eight of these substances were synthesized, and the 
last one prepared proved to be the desired ethylpyrroporphyrin; “ 

^WiUst&tter and Fritzsche, Ann., 871, 94 (1909); Fischer, Berg, and SchormOller, 
Ann., 480. 109 (1930). 

Fischer, Grosselfinger, and Stanider, Ann., 481, 222 (1928). 

Fischer, Weiohmann, and Zeile, Ann., 475, 283-257 (1929). 
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CHffli jiCsHs CHjji jiCsHs 

BrlLjjA 


CH + CH 

V H+Br- Br-H+ J' 



CH* 

I 

COOH 

LXV 
Fig. 49 

This synthesis led Fischer to the surprising conclusion that the red 
blood pigment and the green leaf pigment have essentially the same 
arrangement of side chains. 

With the general arrangement of the side chains established, the 
possibilities for the structure of pyrroporphyrin were reduced to three: 
the free position could be any one of those occupied by an ethyl group, 
2, 4, or 6. These compounds were synthesized, and it was determined 
that the 6-position was the one actually open."® It had been deter- 
mined previously that rhodoporphyrin differed from pyrroporphyrin 
only in the presence of a carboxyl group which replaced the free posi- 
tion of psnroporphyrin.® Thus the way was immediately open to the 
synthesis of rhodoporph 3 nin,"^ which was accomplished at almost the 
same time by the methods sketched earlier in this paper. These syn- 
theses solved the problem of the arrangement of the groups in the 

** See Willstfttter and Stoll* **Untersuchungen aber Chlorophyll**’ J. Springer* Berlin 
(1913)* p. 347. 
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chlorophyll porphjrrins and laid the foundation for the further work on 
the minutiae of chlorophyll structure which will be summarized in the 
succeeding chapter. 
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nrcRODncTioN 

The Dame “chlorophyll” was first given by Pelletier and Caventou 
' (1817) to the green coloring material present in the chloroplasts of green 
plants, especially in the leaves. In 1818 the English ph3rsicist Stokes ^ 
showed spectroscopically that the chloroplast pigment was a mixture, 
and Sorby * separated it into four pigments, two sallow and two green, 
by partition between immiscible solvents. This work was ignored until . 
WiUstS^tter (1906) began his investigations. Meanwhile many attempts j 
were made to isolate the chloroplast pigments; the isolation of the jrellow I 
pigments was achieved by several investigators, but the use of too \ 
drastic methods gave very impure chlorophyll extracts, so that many \ 
workers reported a different chlorophyll for each plant species. \ 

From 1906 to 1914 Willst&tter ^ and his collaborators not only sue- \ 
ceeded in preparing relatively pure chlorophyll for the first time, but also 
by their chemical investigations laid the foundation of our knowledge of 
the structure of the green pigments. Willst^tter showed that two green 
pigments, chlorophylls a and 5, were present in all plant leaves, and that 
they could be separated by the preferential solubility of chlorophyll a in 
petroleum ether and of chlorophyll 6 in 90 per cent methyl alcohol. On 
the basis of the earlier discovery of Tswett * of the use of chromato- 
graphic adsorption as a means of separating pigments in solution, 
Winterstein and Stein * separated the two chlorophylls by adsorption on 
powdered sugar. Willstatter found that the ratio of chlorophyll a to 
chlorophyll b was remarkably constant in the higher plants, being about 
three to one. The ratio is much higher for some algae, and at least three 
algae appear entirely devoid of chlorophyll bJ 

Chlorophyll and its derivatives are very sparingly soluble in most of 
the common organic solvents and are difiScult to purify. The chief means 
of identifying individual compoimds is by their unique absorption 
spectra. Willst&tter introduced a general method for the separation 
and purification of chlorophyll derivatives, by extracting them from 
ethor solution with hydrocUoric acid of different concentrations. This 
method of acid fractionation depends on the large diffOrences in the dis- 

^ Stokes, Ann, chim, phys,, Ser. 2, 9, 194 (1818) ; also Proc, Boy, Soc, {London)^ 18, 144 
(1864). 

* Ptoc, Boy, Soc, {Londtm), 81, 442 (1873). 

* Willst&^ter and Stoll, "Untersuohungen liber Chlorophyll,’* Berlin (1913) ; translated 
by Scherts and Merz, Science Publishing Co. (1928) . The original papers are in the ilnn- 
alen from 1906 to 1914. 

Bor., 41, 1362 (1908). 

* lAinterstein and Stein, “Handbuch der Pflanzen Analyse,” IV, II, 1403 (1933) ; also 

Z. Chom., 880 , 263 (1933) ; 880,139 (1934). 

and Bxeitner, Arm., 888, 151 (1936). 
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tribution ratios of these substances between ether and dilute acid, 
brought about by small differences in basidty and in solubility. Chloro- 
phyll derivatives are therefore all characterised by a hydrochloric acid 
number, defined as that percentage concentration of hydrochloric add 
which extracts two-thirds of the substance from an equal volume of an 
ether solution. 

Willstatter determined the correct empirical formula for chlorophyll 
a as C86H72N406Mg (later substantiated by Fischer ^ and by Stoll *), 
and fotmd that chlorophyll b contained one oxygen atom more and two 
hydrogen atoms less than a. He proved for the first time the presence of 
magnesium in the chlorophyll molecule, and showed that hydrolysis 
split off two alcohols, methyl alcohol and phytol, C 2 oH 3 gOH (p. 1297). 

nnCLEAR STRUCTDRR OF CHLOROPHYLL 

The Chlorophyll Porph 3 rtins. The earliest obtained derivatives of 
chlorophyll were the pyrroles and the porphsrrins. Nencld • and later 
Wllstatter“ reduced chlorophyll to substituted pyrroles, identified 
by Willstatter as hemopyrrole (p. 1263, formula V), cryptopyrrole 
(VI), and phyllopyrrole (VIII). Kiister“ obtained pyrroles by the 
oxidative degradation of chlorophyll, and isolated hematinic add 
(p. 1263, formula IV) and ethyhnethylmaleimide (I). Hemo^obin, on 
reduction and oxidation, respectively, ^ves the same series of pyrroles, 
as shown in the preceding chapter. 

Again chlorophyll, jike hemin, on drastic alkaline degradation ^ves 
porphyrins (p. 1290). The chlorophyll porphyrins were oii^ally 
obtained by Hoppe-Seyler “ and also by Schunk.“ Indeed, this forma- 
tion of porphyrins was the first indication of a dmilarity in chemical 
structure between the blood pigment and chlorophyll. The structure of 
the porphyrins as interpreted by the Ktister formula has already been 
fully discussed. 

In the series of porphyrins obtainable from chlorophyll, WillstStter 
characterized the dicarboxylic add rhodoporphyiin (II), the monocar- 
boxylic adds pyrroporphyrin (HI), and phylloporph 3 rrin (IV), and the 
. oxygen-free compound pyrroetioporphsrrin (I). Bliodoporphyrin can 
be converted into pyrroporphyrin by pyrolysia, with the loss of a molecu- 

* Fischer and Siebd, Ann., 499, 84 (1932). 

* Stoll and Wiedemann, N€itu/rv>i$»emehaften, SO, 028 (1032). 

* Nencki and Zaleski, Bar., 34, 997 (1901). 

»• Willstatter, Ann., 873, 227 (1910) ; 885, 188 (1911). 

“ Ktkstw, Z. physioL Chan., tt, 463 (1912). 

» Hoppe-Seyler, Ond., 8, 330 (1879) ; 4, 193 (188(9. 

“ Sdiunk, Free. Boy. 3oe. (JLonion) , SO, 302 (1891) ; 8T, 814 (1896 ) ; Ann, SS4, 81 (189« 
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lar proportion of carbon dioxide. Pyrroporphyrin, in turn, can be de- 
composed with loss of carbon dioxide to give the oxygen-free, alkylated 
porphyrin (pyrroetioporphyiin [I]). 



Fia. 1 


Mesoetioporphyrin (“etioporphyrin III”)> the simplest blood porphyrin, 
differs from this in containing an ethyl, group in position 6. That this 
position was unsubstituted in the chlorophyll porphyrins, phyllo-, 
pyrro-, and pyrroetioporphyrins, was shown by bromination followed 
by oxidation. Bromine replaces the hydrogen in the unsubstituted 




COOH 

IV. flqrllopenplvrin. 
FlO. 2 
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portion, and on oxidation, porphyrin ring fisrion occurs and bromo- 
dtraconimide is obtained.^* 

Hans Fischer syntherized many series of isomeric porphyrins; among 
these were porphyrins “ identical with rhodoporphyrin (II), pyrropor- 
phyrin (III), and phylloporphyrin (TVO from chlorophyll. Syntheses of 
rhodoporphyrin and of G-ethylpyrroporphyrin have already been out- 
lined (pp. 1275, 1290). 

Natural phylloporphyrin, which contains a methyl group on the 
7 -bridge car1x)n atom (see Fig. 1 for system of numbering^ can be con- 
verted into pyrroporphyiin by the action of sodium ethoxide. 

Rhodoporphyrin, as shown above, possesses besides a propionic acid 
group in i)osition 7 a carboxyl group in the 6-position, which is occupied 
by the unsubstituted hydrogen atom in pyrro- and phylloporphyrins. 
In systematic nomenclature, rhodoporphyrin is l,3,5,^tetramethyl-2,4- 
diethyl-6-carboxyporphyrin-7-propioiiic acid. 

CHLOROPHYLL a 

WillstStter’s Investigations. Willst&tter obtained a number of de- 
rivatives of chlorophyll by the action of acid and alkali. For instance, 
treatment with oxalic add removes the magnesium and yields a waxy 
substance called pheophytin (V). This has no acid properties, and 
therefore the magnesium must be attached to nitrogen, and not to an 
acidic group as a salt. Hydrolysis of pheophytin with strong acid 
removes phytol, yielding pheophorbides a and b, both monomethyl 
esters of dicarbo^grlic acids (VII). These can also be obtained directly 
from chlorophyll by the action of strong mineral acid. Esterification 
gives the dimethyl esters, methyl pheophorbides o and 6. ^ce the 
pheophorbides are more readily separated into the a and b components 
by acid fractioixation than are the magnesium-containing chlorophylls 
or pheophytin, the separation is usually carried out at this stage. 

If sections of the green leaves of certain plants (e.g., Heradeum 
spondylium) are soaked in alcohol, large crystals are developed in the 
chloroplasts; the substance produced was called “crystallized chloro- 
phyll.” Willstatter showed that these plants contain an enzyme, chloro- 
phyllase, which hydrolyzes the phytyl group and replaces it by ^e alco- 
hol present. The products are now called ethylchlorophyllide (IX), if 
ethyl alcohol is used, methylchlorophyllide from methyl alcohol, and 
so forth. 

Fischer and Treibs, Ann., 466 , 188 (1928). 

Fischer, Berg, and SchormtlUer, Ann., 480 , 109 (1930). 

Fischer and Helberger, Ann., 480 , 236 (1930). 
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More research has been done on the stouctaie of |be o aei^ <hi 
thafof the b series for two reasons; (1) p^hyto a Md especially 
methyl pheophorbide o are more eaoly djtamed pure lu the a^nlion 
of the o and fc compoocnte; (2) the o seriee gives cleaner reactioiis with 
fewer decomposition by-products, for reasona obvIoiUB later. C^oro- 
ja^Ifa will therefore be considered Gist, SaponiSoatioD of pfaeophor- 
bideaorofitsestermtb hot alkali yielda phytocbloria e (abbreviated to 
chJoim e or ee mce it contaim six oxygm atoms), which gives with 
diazomethane a trimethyl ester.*^ These reactions of chlorophyll a are ; 
summarized as follows: 

VI. Ohlorophyll a i 

.C^„N40Mg(CX)0CH,) , 

^ (COOC„H„)' 

8 « 



V. riieo{8iyttii a — 
C«H„N*0(C00CH,) 
(COOC,»H„) 



8tronfr|^liclcl 

Vn. Pheophorbide a 
CaH,aN 40 (C 00 CH,) 
(COOH) 


HotJ^alkall 
Vni. Chlorine 

C,iH„N4(COOH), 
Fia. 3 



Acid 


— IX. Ethyl chioropbyllldo a 

CMH„N40Mg(C00CH,) 
(COOCjH.) 



After the brilliant syntheses of the chlorophyll porphyrins by Hans 
Fischer, the lelation^p of the structure of chlorophyll to the porphyrin 
nucleus and the nature of the labile groups in chlorophyll required elu- 
ddation. The problem was taken up almost amultaneoudy by Fischer 
and by J. B. ^nant. A. Stoll and L. Marchlewski have also made 
contributions. 

The Riy^ Group. Ck>nant *• first correctly placed the phjrtyl 
group in chlorophyll on the propionic acid side chain (Fig. 2) . Pheophor- 
Ude o contains a methoxyl group derived imchanged from chlorophyll a 
(Hg. 3) and a free acid residue resulting from the loss of ph}rtol through 
hydrolyris. On pyrolyds, pheophorbide a is converted into pyropheo- 
phorbide a (XIII), which has lost a carbomethoxyl group ( — COOCHs) 
but still retains a carboxylic acid group. This last group must be the 
joopiQnic add residue; otherwise it would be eliminated in the pyrolysis. 
Hence the propionic acid group which survives pyrolysis must be 
esteiified with phytol in the chlorophyll molecule. 

wad Wiedanann, Ann., 471, 146 (1920). 
u Cenumt and Hjrde, J. Am. Chem. Soe., U, 9668 (1920). 

>» Conaat. Diets, Bailey, and Kameriing, ibid., 69, 2382 (1031). 
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Th6 Bydiog6ii Iodide Reactioo:. Fischer found a zn&d' reagent for 
tiie degradation of chlorophyll in glacial acetic add sohitioitti of l)ydr(^;en 
iodide at 60* C. By such treatment, many chlorophyll derivatives are 
leduced to colorless leuco compounds, which reoxidise in air to poiv 
phyrins; ®* these, however, unlike the chlorophyll porphyrins 

previously described, retain the full carbon skeleton of the oti^nal com- 
pound. In this manner the pheophorbides give rise to the pheopor- 
phyrins, while chlorin e gives the chloroporph 3 rrins. Thus pheophorbide 
a TOfh hydrogen iodide yields pheoporphyrin ag, C 3 SH 86 O 6 N 4 « (Mg. 5 ); 
this isomer of pheophorbide a (see p. 1306) contains, like the parent com- 
pound, a carbomethoxyl group and a carboxyl group. Further treatment 
with hydrogen iodide, or the action of hydrogen brontide in acetic 
acid, eliminates the carbomethoxyl group, giving phylloeiythrin, 
C33H34O3N4, which is spectroscopically a porphyrin. Phylloerythrin 
may be obtained directly from pheophorbide a, pheophytin, and the 
chlorophyllides, by refluxing them with 20 per cent hydrochloric acid. 
Now phylloerythrin was already known as a biolo^cal decomposition 
product of chlorophyll; Loebisch and Fischler,** finding it in ox bile, 
called it bilipurpurin, while Marchlewski “ isolated it from the feces of 
herbivora. These biological sources of phylloerythrin convinced Fischer 
that the hydrogen iodide treatment was mild, and that chlorophyll, the 
phorbides, and phylloerythrin were closely related in chemical structure. 

Phylloerythrin contains a reactive carbonyl group which forms an 
oxime, and which can be reduced by the Wolff-Kishner method (hydra- 
zine and sodium ethoxide in a sealed tube) to form desoxophyUoery- 
thrin (X), C33B[3 b 02N4.® This last may be obtained directly from 
pheophytin o, by heating with formic add to 160® C., or from pheophor- 
bide a, by the action of hydrogen bromide in acetic acid at 180® C.^ 
The two oxygen atoms in this porphyrin belong to a propionic add 
group. Drastic treatment with sodium ethoxide in the presence of air 
converts desoxophylloerythrin into phyllo-, pyrro-, and rhodoporphyiins 
(Mg. 2). Fischer had synthesized all the possible isomeric tetramethyl- 
triethylporphyrinpropionic acids,*^ from which desoxophylloerythrin 
(fiffers in formula by only two hydrogen atoms, but foimd that they 
differed widely in properties. Fischer concluded that the new compound 

“ Kscher, Merk*, and Pl6t*, Ann., 478, 283 (1930). 

“ Fiacher and B&umler, Ann,, 480, 197 (1930). 

« Flwdier and Stta, Ann., 488, 226 (1930). 

** Ftaoher, Moldeidiauer, find SOa, Ann., 488, 1 (1931). 

** Loebiaoh and FiacUer, Monatah., 84 , 336 (1903). 

“ Marchlewaki, Z. phynol. Chem., 48 , 464 (1904) ; 48 , 466 (1906). 

*• Fiaeher, Moldenhauer, and Stta, .Ann., 486 , 107 (1931). 

•^Fiachar, Orosaeianeer, and Stan^er, Ann., 461 , 221 (1028); FladMr. Waichmann. 
a<>d ZaUa, Ann.. 475 , 241 (1929). 
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was a tetrainethyIdiethylporph}rtinpropionic acid with the additional 
C2H3 forming a five-membered ring between the y- and 6-positions, the 
so-called carbocyclic or isocyclic ring. Such a compotmd Atrould give 
phyllo- and rhodoporphyiins on degradation. Fischer proved this 
structure (X) by synthesis.^’ Desoxophylloerythiin can be oxidized 



Fig. 4 

with potassium dichronaate and sulfuric acid to regenerate phylloery- 
thrin. Phylloerythrin contains a carbonyl group in place of one of the 
CH2 groups, and that this is in position 9 and not 10 follows from its 
alkaline decomposition to rhodoporph3rrin, containing a carboxyl group 
in position 6 (II). 

The structure of pheopoiphyrm 05** (XI) is established by its rela- 
tionship to phylloerythrin and the chloroporphyiins. Pheoporphyrin as 
contmns a carbomethoxyl group and a carbonyl group. On hydrolysis 
it yields chloroporphyrin ee, so called because its monometbyl ester is 
obtainable by the action of hydrogen iodide on chlorin ee trimethyl 
ester. Chloroporphyrin is rhodoporphyrin-y-acetic acid; formic acid 
converts it to 7-methylrhodoporphyrin (chloroporphyrin 64), and this in 
turn can be decarboxylated to phylloporphyrin (IV). Pheoporphyrin 
og therefore contains the carbocyclic ring of phylloerythrin with a carbo- 
methoxyl group in position 10. Figure 5 summarizes these relationships. 
Partial formulas indicate the structure of the compounds between 
nudeus (III) and the y-methene bridge. In the erythrins and the poi> 
phyrins, but not in the phorbides and chlorins, the remainder of the for- 
mulas is identical with that of desoxophylloerythiin (X). Other proofs 
of the position of the carbonyl group in position 9 in pheoporphyrin og 
and in phylloerythrin have been found through partial syntheses- of 
tiiese substances. For instance, phylloerythrin was obtained by a con- 
densation between positions 6 and y in chloroporphyrin 64 (y-methyl- 
liiodopoiidiyTin) under the influence of sodium ethylate.” 

^ and Riedxnairg Ann,^ 490, 91 (1931). 

^ fiachw, MiUler, and LeBehhom, Ann., 098, 164 (1936). 
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XIV. Ohloroporphyrln X. Dcsoxophyllocrythzln XV. Cblorln trl* 

t _HI_ methyl egter 


Formic 

acid 


fV . 

H,C HOOC'='CH, 



XVIi Ohloroporphyrln 04 IV. Phylloporphyrlo 


Fig. 6. The hydrogen iodide reaction.®® 


The Carbocycttc Ring. Pyrolysis ” of pbeophorbide a in pyridine 
and sodium carbonate eliminates the carbomethoxyl group with formar 
tion of pyropheophorbide a (XIII). This contains a carbonyl group in 
a carbocyclic ring, and is spectroscopically a phorbide, but is isomeric 
with phylloerythrin, into which it is converted by treatment with hydro- 
gen iodide. Phylloerythrin, pyropheophorbide c, and its dihydro derivtt- 
live, mesopyropheophorbide a, occur together as biological degradation 
products of chlorophyll in sheep feces.“ Alkaline hydrolysis of pheo- 
phorbide a gives chlorin eg (Fig. 3), which contains no carbocyclic ring. 
Its trimethyl ester (XV) heated with pyridine and sodium carbonate 
forms that ring again, giving pyropheophorbide a.** A similar synthesis 

** For a more complete discusmon, consult the two su m ma r ies bv Fischer, Ann., BOS, 
176 (1933) ; Pedler Lecture, J. Chem. Soc., 246 (1934). 

Fischer, Fiber, Ha^jert, and Moldenhauer, Ann., 490, 1 (1931). 

** Fischer and Hendschel, Z. physiol. Chem., 198, 33 (1931) ; SSS, 260 (1933) ; Fischer 
and Stadler, ibid., 239, 167 (1936). 

** Fischer and Sbbel, Ann., 494, 73 (1932). 
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of the carboc3rclic ring occurs m the pyrolysis of chloioporph3nin ce to 
pheopoiphyrin 05. 

The carbocyclic rings of pyropheophorbide a and of phylloerythrin 
are the same; those of pheophorbide a and pheoporphyrin 05 are also 
identical. Porition 10 , both in certain of the chloroidiyll porph3nin8 
and in pheophorbide a, can be oxidized by iodine.*^ For example, 
pheoporphyrin og with iodine in alcohol containing sodium acetate is 
converted into the acetyl derivative of lO-hydroxypheoporphyrin 05 
(XVIII) (in the older literature “neopheoporph3rrin og”); while the sub- 
stitution of sodium carbonate for sodium acetate leads to 10-ethoxy- 
pheoporphyrin og (XIX) (or “pheoporphyrin A series of homol- 

ogous ethera has been prepared by the use of the corresponding series 
of alcohols in this oxi^tion.** Pheophorbide a with iodine in glacial 
acetic acid gives the acetyl derivative of 10-hydrox3rpheophorbide a. 

HaCOOC 0 

XVII. lO-Hvdrozypheophorbide a or XVIII. lO-Hydrozsrpheoporphjrrin og. X - H 
XIX. 10-£thoxyi^eoporphyTin ag. X «• CsHg. 

Fig. 6 

The chlorophyllides, methylpheophorbide, and pheophorbide at 
ordinary temperatures in an atmosphere of nitrogen form oximes,** 
which analyze as substitution, not addition, products, and hence show 
the presence of a carbonyl group. The original compoimds can be 
r^nerated from the oximes, and the oximes are converted by hydrogen 
iodide into the oxime of pheoporphjrrin og. The enolic modification 
must also be posrible, since metiiylpheophorbide and pheophorbide form 
benzoyl substitution products, as was shown by Stoll.” The jS-ketonic 
add grouping (RCOCHR'COOCHa) of the carbocyclic ring admits of 
these mo^cations and e^lains the reaction of chlorophyll and the 
pheophorbides to add and to hot alkali (Fig. 3 ). Alkali hy^lyzes the 
ester groups and opens the carbocyclic ring with the formation of chlorin 
ee (B%. 3 ) ; add, on the other hand, in addition to hydrolysis of the ester 
groups, removes carbon dioxide from the carbomethoxyl group, leading 
to phylloaythrin. Fischer conduded that the carbo<ydic ring in the 

^ Fisdierg Heckmaier, and Hagert, Ann,, 509, 200 (1933). 

^Fkiehar and Heckmaier, Ann., 508, 260 (lOSi); Fischer, Heokmaiw, and Scherer, 
Ann., itO, 169 (1934). 

«*Fbelier and Scherer, Ann., 510, 234 (1936). 

^ Stoll and Wiedemann, Helv. Chim, Acta, 16, 739 (1933) ; 17, 163 (1934). 
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pheophorbides (and hence in chlorophyll) is identical Mntii that of the 
derived chlorophyll porphyrins such as phylloerythrin. 

The Phase Test and AUomerizatioii. Willst&tter found that a cbar^ 
acteristic reaction of chlorophyll, pheophytin, and pheophorbide in 
ether solution obtained by the action of cold alcoholic alkali is the se- 
quence of color changes first noted by Molisdi (green, then yellow, re- 
verting to green, in the a series). Conant ** found that the first product 
of the “phase test” reaction is an unstable chlorin (Willst&tter’s phjrto- 
chlorin g) which, on being allowed to stand, is converted into pheopur- 
purin 18 (or purpurin 18) (XXII), a substance with a vivid purple color 
in ether solution and of acid number 18. Immediate esterification of 
the reaction mixture converts the unstable chlorin into pheopurpurin-7 
trimethyl ester. 

This phase test reaction was shown by Conant *• to be an oxidative 
hydrolysis, with atmospheric oxygen acting as hydrogen acceptor. Hot , 
saponification of either pheopurpurin 7 or its ester gives rise to a new 
chlorin,^®' chlorin / (XXIV) (which Fischer later prepared and called 
rhodochlorin). Reduction of this dibasic acid with hydrogen iodide in 
acetic acid, and subsequent reoxidation in mr, results in the formation of 
the dibasic acid, rhodoporphyrin (II). Since the latter contains no side 
chain on the 7 -bridge carbon atom, neither does rhodochlorin. Rhodo- 
chlorin therefore contains a carboxyl group in the 6 -potition, and a pro- 
pionic acid residue in the 7-position, according to the partial formula 
(Fig. 7). Pheopurpurin 7 (XXIII) contains in addition an a-keto (or 
glyoxalic add) residue. on the 7 -bridge carbon atom.®®’ The unstable 
chlorin is a tricarboxylic acid or its lactone.®*’ ®* Its 7 -monomethyl 
ester has also been obtained using milder phase test conefitions,®*’ ®® 
which leave the 10 -carbomethoxyl residue intact. Oxidation of pheo- 
phorbide o with pyridine-permanganate gives the same monomethyl 
chlorin g ®® (XXI). The oxidative hydrolysis of the phase test is there- 
fore an oxidation on Cio (compare lO-hydroxypheophorbide o PCVIII) 
with hydrolysis of the carbocyclic ring at this point. Chlorin cb triester 
(XV), but not the non-methylated free chlorin c, gives tire same result. 
Fischer’s e 3 q>lanation is that the first reaction on the triester is ring 
closure to methyl pheophorbide a, which can take place only when the 
6 -oarboxyl group is esterified. Pheopurpurin 18 (XXII) appears to be 

« CfHiaat Mid Moyer, /. Am. Chem. Soe., SS, 3013 (1030). 

^ Conant, Kametling, and Steele, ibid., S8, 1616 (1931) ; Steele, tbtd., 6S, 3171 (1981)« 

^ Conant, Hyde, Moyer, and Diets, tWd., 6S, 869 (1931). 

41 Diets and Boss, tbtd., 66, 169 (1934). 

« Fischer and Kalir. Ann., 581, 209 (1937). 

" Fiaoher and Conrad, Ann., 588, 143 (1980). 

^ Conant and Diets, /. Am. Ch$m, floe., 55, 839 (1933). 
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an anhydride; here the group on the 7-carbon atom has been further 
split, leaving a 7-carboxyl group, which undergoes anhydrization with 
the O-caibo^orl group. 



Direct dehydrogenation of rhodochlorin, using ferricyanide in an 
al k al in e solution at room temperature,^® gives not rhodoporphyrin but 
2-vinylde8ethylrhodoporphyrin (C!onant’s “isorhodoporphyrin”; see 
p. 1305), which differs from rhodochlorin by containing two hydrogen 
atoms less. 2-\lnyldesethylrhodoporphyrin is readily converted into 
rhodoporph3uin by reduction with hydrogen iodide, followed by atmos- 
pheric oxidation. 

'Vi^llstatter described a reaction of chlorophyll which he termed 
allomerization. When an alcoholic solution of chlorophyll is allowed to 
stand for some time, the resulting material, “allomerized chlorophyll,” 
is no longer capable of ^ving the phase test; from the alcoholic solution 
he prepared (phyto)chlorin g. Conant*® showed that allomerized 
chlorophyll, on hydrolysb, removal of magnesium by acid, and esterifi- 
cation with diazomethane, gives the same product — ^pheopurpurin-7 
trimethyl ester — as does the phase test. This is in contrast to imal- 
lomerized chlorophyll, wldch under identical treatment yields the 
trimethyl ester of dilorin That allomerization is an oxidative reac- 
tion was shown by Ck>nant ** using a modified Warburg apparatus; two 
equivalents of oxygen are absorbed per mole of chlorophyU. He further 
found that chlorophyll and the pheophorbides can be dehydrogenated,*' 
using two equivalents of potassixun molybdicyanide, and again pheo- 
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purpurin-7 ester is obtained. Hence the phase test, allomerization, and 
direct dehydrogenation all lead through pheopurpurin-7 ester and 
rhodochlorin to either 2-vinyldesethylrhodoporphyrin or to rhodopor- 
phyrin, while rapid saponification, which excludes oxidation, results in 
chlorin ee, from which phylloporphyrin is derived. Hence, according 
to Conant,^ the fundamental nuclear structure of the pheophorbides 
and of chlorophyll a is that of rhodochlorin, which is a 2-vinyldesethyl- 
dihydrorhodoporphyrin. 

The Vinyl Group. Conant’s view of the chlorophyll nucleus as a 
dihydroporphyrin, and Fischer's view, based on the isomerization with 
hydrogen iodide, that it was an isomerized porphyrin, were reconciled 
by the later work of Fischer. He established that chlorophyll, the phor- 
bides, chlorins, and purpurins contained (a) an unsaturated side chain, 
viz., the vinyl group in the 2-position (Figs. 1 and 11), and (b) two 
“extra hydrogen atoms" on the porphyrin nucleus. If pheophorbide is 
hydrogenated with addition of three moles of hydrogen, a leuco com- 
pound is formed, which upon oxidation in air in an acid medium is con- 
verted into pheoporphyrin ag (XI), whereas in a neutral medium, or 
upon partial hydrogenation with platinum oxide or palladium, where 
only one mole of hydrogen is taken up, dihydropheophorbide a (meso- 
pheophorbide a) is obtained.^* Chlorin eg and purpurin 7 also give 
dihydro (meso) compoimds; spectroscopically they differ very slightly 
from the parent substance — an indication that the unsaturated group 
involved is not part of the nuclear structure. Fischer uses the general 
term “meso" for compounds in which the vinyl group has been reduced 
to ethyl. 

Secondly, if the hydrogen iodide reaction is carried out in the cold, ^ 
series of ketoporphyiins is produced.^®* For instance, chlorophyll a 
and pheophorbide a both yield oxopheoporphyrin 05 monomethyl ester 
(“isopheoporphyrin ae" in the older literature), while pyropheophorbide 
yields oxophylloerythrin. These two new compounds contain two keto 
groups each. On heating oxophylloerythrin an oxorhodoporph3rrin is 
formed; the Wolff-Kishner reaction converts this to normal rhodopor- 
phyrin, hence the 0x0 group is an acetyl residue ( — COCHa— ♦ 
— CH2CH3). The position of this residue and therefore of the parent 
unsaturated group was established by the fact that oxophylloerythrin 
heated in a sealed tube with concentrated hydrochloric acid (which 
replaces the acetyl group by hydrogen), followed by esterification, gave 
a desethylphylloerythrin and a desethylpyrroporphyrin. The latter 

Conant and Bailey, ibid., 56, 795 (1933). 

^ Fischer and Lakatos, Ann., 606, 123 (1933). 

Stoll and Wiedemann, NcUurwissenechaften, SO, 791 (1932) ^ 

\ ^Fischer and Biedmair, Ann,, 606, 87 (1033). 
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was identicd witii a synthetic S^desethylpyrroporphyrin. Also the 
desethylphylloetythiin was reduced to a desethyldesoxophylloerythiin, 
and this was identical with one of the two possible S3mthetic compounds, 
viz., the 2-desethyl.** Hence the unsaturated group in chlorophyll is in 
the 2-position. 

The third reaction, that of diazoacetic ester, proved that the unsat- 
urated group is a vinyl residue; this will produce an acetyl group on 
oxidation (qf. hemin and protoporph 3 uin, each of which contains two 
vinyl groups [p. 1284, Fig. 41]). Diazoacetic ester adds to the vinyl 
group with evolution of nitrogen, and, on drastic oxidation of the addi- 
tion compound with chromic acid, one of the products isolated was 
methylmaleimidecyclopropylcarboxylic acid (XXVIII).*® 


N^OHOOOCH, a 


H H, 


HC-COOH 


H.C-C— C-C— C 

o-i^-0 

H 


Fio. 8. — The diazoacetic ester reaction. 


The pheophorbides, the chlorins derived from chlorophyll by degrada- 
tion, the purpurins, and 2-vinylrhodoporphyrin add diazoacetic ester, 
and therefore contain the vinyl group. TTie oxo reaction is easily ex- 
plained: hydrogen iodide adds to the vinyl group, hydrolysis occurs 
with replacement of iodine by hydroxyl, and spontaneous dehydro- 
genation takes place, giving the acetyl residue. 

* H H H 

— C=CH, — O— CH, — C—CH, 

I OH 

XXCC XXX XXXI 

Fra. 9. — The oxo reaction (a eeries). 

The Dihydriqtoiphyiin Nucleus. Since pheoporphyrin os is isomeric 
with pbeophorbide a, the hydrogen iodide isomerization must be in 
^ect a migration of two hydrogen atoms from somewhere in the nuclais 
to the vinyl group. The porphyrins which result contain an ethyl 
residue in the 2-poffltion. The porition of these two “extra hydrc^en 
atoms” remained to be determined. Fischer showed that in chlorin 
es trimethyl ester the extra hydrog^ can be replaced by hydroi^l 

^ FIzdier and Rose, Ann., 519, 1 (1935). 

M Fiselier and Medi^ Ann., 517, 245 (1935)« 
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groups, pving dihydroxychlorin et trimethyl ester.^ This 'was achieved 
by oxidizing chlorin ee trimethyl ester with silver oxide in pyridine- 
methanol-^oxan. MesocUorin ee triester and the diazoacetic derivative 
of chlorin ee triester pve corresponding derivatives. Purpurin 7 also 
gives a dihydroxy derivative. The structure of these is most simply 
explained if the extra hydrogen atoms are in portions 5 and 6 in nucleus 
III or 7 and 8 in nucleus IV. Fischer examined chlorophyll derivatives 
for optical activity, and not only chlorophyll but also the simple chlorins, 
rhodo-, phyllo-, and pyrrochlorins are optically active. The corre- 
sponding isomeric poiphyrins are inactive. This work gave no conclu- 
sive evidence in favor of either nucleus.® 

The products of oxidative degradation of chlorophyll derivatives 
were then studied. Kuster found hematinic acid and ethylmethylmaleim- 
ide (p. 1295). Later work showed that |3-methylpyrrole nuclei with a 
free /5 -position (e.g., pyrroporphyrin [III]), in wUch the 6-position of 
nucleus III is unsubstituted), gave in addition citraconimide.® Phyllo- 
chlorin (XXXIIl) in the oxidation described above would be expected 
to give all three degradation products, but in fact gave instead of 
inactive hematinic acid an optically active “acid fraction.” ® Oxida- 
tion of pheophorbide a and b, mesopheophorbide o, and purpurin 7 
gave the same result. From tlus “acid fraction” were isolated optically 
active hemotricarboxylic imide (i.e., a dihydrohematinic acid) and 
traces of hematinic acid. 


(IV) 

H' 

fH. 

COOH 

XXXIlI. PhyUoeUorin. XXZTV. Bemotrioarbozylimide. 

Fia. 10 


CHs 


Hooe 


(in) f 
JCH« 



This hemotricarboxylic imide can come only from nucleus IV, carrying 
the propionic acid side chain. The asymmetry of phyllochlotin is due 
solely to the ^ra hydrogen atoms (pheophorbide a, for instance, has 
anotiier asymmetric center in position 10), hence these extra hydrogen 
atoms must be in nucleus IV to give an optically active hemotrican* 
boxylic imide. Fischer th^fore astigns the two extra hydrogen atoms 
to nucleus IV in positions 7 and 8. 

® flaoher aiul lAUtsoh, Ann., BS8, 247 (1037). 

« HiimtnitrlimS by Stede, Chem. Bev., SO, 1 (1937) ; see also Fiseher et ol.. Ann„ 5Si 
202 (1038). 

** Blsoher and Breitner, Ann., 822, 133 (1036). 

® Fisoher and Wenderoth, dnn., 837. 170 (1030) ; 0«8, 140 (104Q). 



1308 


ORGANIC CHEMISTRY 


Depending on the resulting arrangement of the double bonds in the 
porphyrin system, the formula for chlorophyll o is therefore XXXV or 
XXXVI. Fischer prefers formula XXXV as here the carbocyclic ring 




becomes less stable on enolization and therefore more in accord with 
the e:q)erimental results, e.g., the very easy converaon to chlorin or 
to the phase test products. On the contrary, enolization of XXXVI 
would give a carbocyclic ring with two double bonds, which would tend 
to stabilize the system. All the formulas in this chapter have been 
based on the arrangement of double bonds in XXXV, but it must be 
remembo^d that in the porphyrins there is no definite proof that th« 
double bonds are fixed (p. 1288 ). 
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CHLOROPHYLL b 

The Formyl Group. Chlorophyll b differs from a in that it contains 
an oxygen atom in place of two hydrogen atoms.* Conant “ obtained 
from methylpheophorbide 6, by p 3 nrolysis, phase test reaction, and 
saponification, a series of compounds entirely parallel to those in the a 
series (Fig. 7). These rhodins, corresponding to the chlorins in the a 
series, still retained the extra oxygen atom and formed semicarbazones, 
indicating the presence of a carbonyl group. Warburg “ also obtained 
carbonyl derivatives in the b series, while Stoll and Wiedemann isolated 
a dioxime of pheophorbide 6.®^ 

Fischer,®* using the hydrogen iodide reaction, showed that pheophor- 
bide b and rhodin gr (analogous to chlorin e^) gave rise to porphyrins, 
viz., the pheoporphyrin b series and the rhodinporphyrin g series, corre- 
sponding respectively to the pheoporphyrin a and the chloroporphyrin e 
compounds of the a scries (Fig. 5). Hence pheophorbide b contains the 
carbocyclic ring of the a series. Pheophorbide b forms an acetal and also 
an oxynitrile derivative, while the carbonyl group in the carbocyclic 
ring (position 9) is incapable of such reactions. Further, rhodin gj, in 
which the carbocyclic ring is absent, can still form an oxime, indicating 
that the new carbonyl group is in some other part of the molecule.®*' ®* 

Chlorophyll b and tlie rhodins contain the vinyl group in the 2-posi- 
tion, with which diazoacetic ester gives addition products as in the a 
series. Hydrogen iodide on rhodin g^ trimethyl ester gives the trimethyl 
ester of rhodinporphyrin g^. This corresponds to chloroporphyin Ce 
(XIV) and has the vinyl group saturated to an ethyl group with the 
extra hydrogen atoms. This compound forms a monooxime, hence still 
contains the carbonyl group of the b series. Hydrogen iodide in the cold 
(oxo reaction of the a series) gives rhodinporphyrin gs (Fig. 12), which no 
longer forms an oxime but contains an additional carboxyl group. Hence 
the parent compound has a formyl group. Hydrogen bromide or chlor- 
ide at high temperatures removes the carboxyl group and gives rise to 
3-desmethylphylloporphyrin and 3-desmethylpyrroporphyrin. Hence 
the formyl group is in the 3-position, replacing a methyl group of the a 
series.®® 

Further proof was pven by the synthesis from substituted pyrroles of 

Conant, Dietz, and Wemer, J. Am. Chem. Soc.^ 68, 4436 (1931). 

M Warburg and Christian, Biochem. Z., 236, 240 (1931) ; Warburg and Negelein, tbtd. 
244 , 9 (1932). 

Stoll and Wiedemann, Helv. Chim. Ada, 17, 466 (1934). 

Fischer, Hendschel, and Niissler, Ann., 606, 83 (1933). 

. ^ Fischer, Breitner, Hendschel, and Ntlssler, Ann., 603, 1 (1933). 

^ Fischer and Breitner, Ann., 610, 183 (1934). 
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3-deranethyldesoxopliyUoeiythim/* This compound is obtained from 
the ester of rhodinporphyrin gs by reduction, whereby the 3-carboxyl 
group is reduced to a hydrogen atom, and again ring closure takes place 
between the 7- and 6-po»tions. Alternately, pyrolyds of rhodinpor- 
phyrin Qa in pyridine effects ring closure with formarion of pheopoiph3rrin 
67 (^. e® to o®, Fig. 6). If the oxime (on the 9-carbonyl) of 67 is heated 
with hydrogen bromide, it loses two carboxyl groups, and 3-desmethyl- 
desoxophylloerythrin again results." Hence chlorophyll h is 3-formyl- 
desmethylchlorophyll a. 



HsCOOC 

XXXVII. Khodlnporpliyrln 

0 x 0 1 reaction 



XXXYin. Rhodinporphyrin 



XU. 8-Deanethylphylloporphyiln X^OB$ 
XLZl. S4>eamothylpsnrn4>0(zp^^ XaH 


Fig. 12.— Proof of the formyl group. 
*^Fi 0 olier and Bieitner, Ann., 016, 61 (1035), 
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The 3-foimyl group caa be reduced to the •methanol group 'tnthout 
affecting the vinyl group by the rise of aluminum isopropoxide. Methyl- 
pheophorbide b ^ves methylpheophorbide 6*3-methanol ( — C 5 H 2 OH 
replaces — CHO in poedtion 3).® 

The conversion of the b into the o series has been accomplidied by 
catalytic reduction in formic add of pheoporphyrin ba, the products 
being pheoporphyrin ug and its reduction product, 9-hydro3tydesoxo- 
pheoporphyrin og.® 

parhal stkthesis of chlorophtix 

Total Synthesis of Pheoporphyrin 05 . Phylloerythrin (XII), which 
contmns both the porphyrin system and the carbocyclic ring, has been 
prepared synthetically. To convert this to pheophorbide a requires; 
(o) addition of the carbomethoxyl residue to the carbocyclic ring; 
( 6 ) reduction of the porphyrin S 3 rstem to the phorbide by the addition 
of the two extra hydrogen atoms; and (c) the oxidation of the ethyl 
group to the vinyl in position 2. Since, however, the oxidation of this 
ethyl group has so far been found impossible in such a complex mole- 
cule, two parallel series of syntheses have been attempted. The first, 
among the meso compounds, ignores the problem of the vinyl group, 
and is concerned with (a) and (b). 

(o) The introduction of the carbomethoxyl residue to phylloerythrin 
would give pheoporphyrin og (XI), but attempts to do this have met 
with failure. Synthesis of pheoporphyrin og has, however, been achieved 
from phylloporphyrin (IV), which has itself been synthesized from sub- 
stituted pyrroles. Phylloporphyrin contains a y-methyl group ( CHg). 
This was oxidized to the formyl residue ( — CHO), and HCN adds to 
the resulting T-formylpyrroporphsuin methyl ester to give pyrropor- 
phyrin 7 -cyanhydrin methyl ester (— HCOHCiN).® This, on bang 
allowed to stand with concentrated sulfuric acid, is partly saponified to 
the acid amide (— HCOHCONH 2 ). Reduction wth a platinum oxide 
catalyst in formic acid gives the acid amide of isochloroporphjra eg, 
the free porphyrin being obtained by hydroljiBis with hydrochloric acid 
(-_CH 2 CC> 0 H).“ This porphyrin had been previously prepared ana- 
lytically from dilorin eg. Esterification of the latter with methyl alcohol 
and hydrochloric add gives a diester in which the carboxyl group in the 
6 -podtion is free. This chlorin eg dimethyl ester on pyrolysis loses the 

•* Fischer, Mettensw^, and HevAr, -Ann,, #46, 164 (1940). 

•• Fischer and Grassl, Ann., 617, 1 (1936). 

M Fischer and Stier, Ann., 642. 224 (1939). 

••Fischer, Kann^esser, and Stier, Naturxpiaaenaehafterh 28, 80 (1940); Ann., 648^ 
268 (1940). 
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carboxyl group to give iaochlorin dimethyl ester, and cataljrtic reduc- 
tion to the leuco compound, followed by reoxidation in air, gives rise 
to the corresponding (and isomeric) porphyrin, isochloroporphyrin 
dimethyl ester (XLIII).®® 

Fischer found means of introducing the formyl group into porphyrins 
by treating the hemin (complex iron salt) of the porphyrin with unsym- 
metrical dichloromethyl ether in the presence of stannic chloride or 
bromide. In the case of isochloroporphyrin 64 ester the formyl group 
enters at position 6, and ring closure with the y-acetic ester side chain 
takes place spontaneously, so that the product isolated is 9-hydroxy- 
desoxopheoporphyrin as. Oxidation with chromic acid in acetic acid 
gives pheoporphyiin 05.®^ 


— A - 

BT 1 fift— 'CH, 

! ! • 


HCp' 

HsCOOQHjCQI Jcj 

Xun. l80chloroporptayrln.«4 estex^ 




A' 

HsCOOCH Cl 




XLIV. 



Chromic 


CH, 


acid 


~0” 

I 

HC. 



I A 

HjCOOCH OH HjCOOC 0 

XLY. (•HydrozydesozQpbeopoiphyrln XI. Pheoporpbyrin 

FiO. 13. — Synthesis of Fheoporphyrin a^. 


CHs 


(b) Synthetic Chlorins. The introduction of the two extra hydrogen 
atoms constitutes a synthesis of mesochlorins from the chlorophyll por- 
phyrins. Synthetic chlorins have been prepared by several methods. 
Fischer •* used sodium and amyl alcohol on porphyrin-iron salts; Treibs 
and Wiedemann ®* and Fischer used catalytic hydrogenation of por- 
phyrins. Pyrroporphyrin gives amesopyrrochlorin, and amesophyllochlo- 
rin has also been prepared. The absolute identity of these compounds 
with the corresponding substances prepared analsrtically has not been 
established, and in any event the methods of preparation give no proof 
of the position of the extra hydrogen atoms which have been introduced. 

^FiBcher and Kellermann, Ann., 519, 209 (1935). 

Fischar and Kellermann, Ann., 5S4, 25 (1936). 

** Fischer and Helberger, Ann., 471, 285 (1929). 

Treibs and Wiedemann, Ann., 471, 215 (1929). 

70 Fischer and X4tkatos, Ann., 506, 138 <1933); Fischer and Herrle, Ann., 530, 230 
'1937). 
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The next problem is the synthesis of the parallel series of compounds 
from a substance already containing the vinyl group, e.g., a vinyldes- 
ethylporphyrin. Several vinyldesethylporphyrins have been prepared 
analytically. As an alternative there is the possibility of the synthesis 
of chlorins directly from substances simpler than porphyrins, probably 
the only method that would give absolute proof of the position of the 
extra hydrogen atoms. 

Introduction of the Phytyl Group and of Magnesium. Willstatter ^ 
introduced the phytyl group into pheophorbide biologically by reversing 
the action of the chlorophyllase enz 3 rme. Using phosgene, Fischer^ 
found it possible to esterify pheophorbide a with various alcohols of 
high molecular weight; these included phytol, geraniol, menthol, and 
cetyl alcohol. Thus a synthesis of pheophytin from pheophorbide was 
achieved, and the synthetic product was in all its properties identical 
with natural pheophytin. 

Willstatter prepared chlorophyll from pheophytin by introducing 
magnesium through the medium of the Grignard reagent. Fischer 
improved the method and converted methylpheophorbide a into chloro- 
phyllide ethylpheophorbide b into ethylchlorophyllide pheopor- 
phyrin into pheoporphyrin as-phyllin, and pheophytin a into chloro- 
phyll 

BACTERIOCHLOROPHYLL AND PROTOCHLOROPHTLL 

Nature appears to produce several pigments similar to chlorophyll. 
Bacteriochlorophyll is the assimilatory pigment of the photosynthetic 
purple and brown bacteria. It differs from chlorophyll a in the 2-posi- 
tion, where an acetyl residue replaces the vinyl group, and it also con- 
tains two hydrogen atoms more than the phorbide system, i.e., it is 
based on a dihydrophorbide or tetrahydroporphyrin nucleus. These 
two new hydrogen atoms are probably in nucleus II in positions 3 and 
4 (and therefore based on chlorophyll structure XXXVI), and they are 
easily removed by dehydrogenation. The resultant product after 
removal of magnesium and phytol is 2-desvinyl-2-acetylpheophorbide a 
(dehydrobacteriopheophorbide) . This compound has also been obtained 
from the chlorophyll a derivative, chlorin Ce, by synthesis. The 
relationship can be summarized as follows: ® 

Willst&tter and Benz, Ann., 858 , 267 (1908) ; Willstatter and Stoll, Ann., 880 , 148 
(1911). 

Fischer and Schmidt, Ann., 519 , 244 (1935). 

” WiUstatter and Forsen, Ann., 896 , 180 (1913). 

Fischer and Spielberger, Ann., 510 , 166 (1934). 

Fischer and Spielberger, Ann., 515 , 130 (1936). 

Fischer and Goebel, Ann., 594 , 269 (1936). 

\'^ Fischer, Lautsch, and Lin, Ann., 584 , 1 (1938). 

FuNSher, Oestreicher, and Albert, Ann*t 538, 128 (1939). 
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Fheoi^wb^e a ^ chlorin et ^ 2,ce-hydroxychlorin et ^ 
2-aoetyIchlorin et ^ 2-deBvmyl-2>acetylpheophorbid« a 
(dehydrobacteriopheophorbide) 

Protochlorophyll is present in pumpkin seeds and the rinds of 
gourds. Noack and Kiessling showed that it was a porphyrin. Stoll 
and Wiedemann suggested and Fischer established tl^t it is a 
derivative of pheoporphyiin oj (XI), viz., the phyllin (i.e., the mag- 
nesium salt) of 2-vinyldesethylpheoporphyrin os phytyl ester. Pro-/ 
tochlorophyll is optically inactive although it contains a potential I 
asi^mmetiic center at Ciq. This is additional proof that the asymmetry \ 
of chlorophyll resides in the 7-, S-positions. \ 

A complete solution of the exact structure of the chlorophyll mole- \ 
cule would further the elucidation of the photos}mthetic process in \ 
plants and also of the newly developing field of chlorophyll therapy. 
Chlorophyll may act in photosynthesis in two ways: (1) as a pigment, 
absorbing solar enei^ in the form of certain wavelengths of light; and 
(2) as a chemical compound. The posability of (2) entering into the 
photosynthetic process depends on: (c) the reactivity of the molecule, 
e.g., reactive hydrogens and the ability of the magnesium to form salts; 
and (b) the physical state of the chlorophyll, i.e., whether it is in colloidal 
form or adsorbed on colloidal surfaces. A final solution of the molecular 
structure of chlorophyll wiU help to solve (a) and may give indications 
of the relationship or interconversion (if any) between chlorophylls a 
and b in the plant. Chlorophyll and hemin are closely related. Chloro- 
phyll breaks down in the animal digestive tract to porphyrins, and at- 
tempts have been made to cure anemia (due to lack of pigment) with 
chlorophyll and its derived porphyrins. Again, recent medical research 
has shown that chlorophyll in contact with living tissues (and therefore 
in colloidal form?) is a tectericide; this may be directly related to its 
ability in plant tissues to break down carbon dioxide with the release 
of oxygen. 
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THE ANTHOCTANINS 

bitroduction. The pigments of plants are rou^y divisible into two 
major classes.^’ *■ *• *' ® The plastid pigments represent one group.® 
They are associated with the protoplasmic structure of the plant. The 
second group consists of those pigments which generally exist in solution 
in the cell sap. These pigments belong to a group of glycosides desig- 
nated as “an^ocyanins.” *’ ®’ * The innumerable shades of blue, purple, 
violet, mauve, and magenta and nearly all the reds which appear in 
flowers, fruits, leaves, and stems of plants are due to anthocyanin pigi 
ments. The sugar-free pigments or a^ycons are called anthocyanidinsA 
Althou^ it is held that the anthocyanins are usually dissolved in the] 
cell sap, they can also occur in an amorphous or crystalline state as in the 
Delphinium spp., Passiflora spp., R.vbm spp., and others. 

The pioneer researches of Willstatter and his students *’ ’’ * made it 
clear that the numerous individual anthocyanins contain similar nuclei. 
The wide variations in color are due to slight alterations in the molecule 
which do not affect the basic molecular skeleton. Thus, the antho- 
cyanins represent a chemical class of natural products, in the same 
sense as the fats, carbohydrates, or proteins represent distinct 
classes. 

The Basic Structure of the Anthoc]ranins. Willstatter’s success ^ 
with these plant coloring matters was to a large extent due to his early 

^ Rupe, “Die Chemie der natUrlichen Farbstoffe,” Vieweg und Sohn, Braunschweig 
(1900), Vol. I; (1909), Vol. II. 

* Mayer, “Chemie der organischen Farbstoffe,” 3rd ed., Springer, Berlin (1935), Vol. 
II, pp. 134-150. 

• Perkin and Everest, “The Natural Organic Colouring Matters,*’ Longmans, Green 
and Co., London (1918). 

^Wheldale, “The Anthocyanin Pigments of Plants,** University Press, Cambridge 
(1916). 

* Karrer, **Handbuch der Pflanzenanalyse,** edited by Klein, Springer, Vienna (1932), 
Vol. Ill, pp. 941-984. 

♦The term “anthocyan** is derived from the Greek roots signifying respectively 
“flower** and “blue.** It was-introduced by the botanist Marquart in 1835 to designate 
the blue pigments of flowers. Shortly thereafter the belief developed that the red and 
blue pigments were merely different forms of the same substance and that their different 
colors were due to variations in the character of the cell sap; consequently, the use of the 
term was extended to include all the soluble pigments of this group. When it was learned 
that these pigments are always combined with sugars, and thus occur as glycosides, the 
ending “in** was attached. 

• Willstatter. prewsa. Afcod, Wwa.. *9. 402, 769 (1914) ; also Bcr., 47, 2865 (1914). 

’ WiUst&tter and co-workers, Ann.. 401, 189 (1913) ; 408, 1, 15, 42, 61, 83, 110, 147 

(1915) ; 418 , 113, 137, 149. 164, 178, 195, 217, 231 (1916) ; Bar., 67. 1938, 1945 (1924). 

♦Robinson, NaturwiMenschaften, 80 , 612 (1932). Summary of Professor R. Will- 
st&tter*8 investigations on the anthocyanins. 
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recognition of their amphoteric nature. They are capable of forming 
salts with both acids and bases. The salts formed with acids were first 
recognized as oxonium salts of the type known as flavylium salts. The 
methods of isolation and purification employed with these pigments 
rest on this basis. 

The fundamental parent substance of the entire group is the hetero- 
cyclic nucleus known as benzopyiylium chloride (I) discovered by 
Decker and von Fellenberg* which they formulated on the basis of 
the oxonium theory.* By substituting a phenyl residue in position 2 
of the benzopyryhum chloride (I), 2-phenyll^nzopyrylium chloride 
or flavylium chloride (II) is obtained. The placement of hydroxyl 
groups in positions 3, 5, and 7 yields 3,5,7-trihydroxyflavylium chloride 
(III), the simplest intact structural unit of the anthocyanins. In fact, 

* Decker and von Fellenberg, Ann., 364, 1 (1908). 

* The properties and methods for the synthesis of benzopyrylium salts have been 
reviewed by Hill {Chem, Rev., 19, 27 (1936)]. Both Hill and Dilthey and ooworkers 
[y. prakt. Chem., 131, 1 (1931); 138, 42 (1933); Ber., 64, 2082 (1931)] have pointed out 
the disadvantages of the oxonium salt theory and have suggested that the compounds 
are carbonium or carbenium salts. 

Recent work by Shriner and Moffett [/. Am. Chem. Soc., 61, 1474 (1939); 62, 2711 
(1940); 63, 1694 (1941)] has shown that benzopyrylium salts differ markedly from the 
true oxonium salts of ethers and 7*'P3nrones. They resemble the carbonium salts derived 
from triarylcarbinols. All the properties, degradation products, and syntheses strongly 
suggest that carbon atoms 2, 3, and 4 of the benzopyrylium salts constitute an allylic 
system: 



The activity of the chlorine is further enhanced by the fact that the first of these struc- 
tures is an a-chloroether and the second is a vinylog of an a-chloroether. Conductivity 
measurements show that in nitrobenzene solutions the chlorides are ionized to about 
3 to 10 per cent and that the perchlorates are about 60 to 80 per cent dissociated. Hence 
the salts represent a special case of the allylic system in which the chief resonating car- 
bonium ions are: 



The anions may be Cl*, Br”, !*“, (CIO 4)*, or (FeCU)”. The anthocyanidins which are 
polyhydroxy (and -methoxy) fiavylium salts contain the above structures but because 
of the presence of the hydroxyl groups may tautomerize to a quinoid structure in a manner 
similar to that shown by the hydroxytriphenylmethane dyes of the auxin type. This 
viewpoint was presented by Professor Shriner at the Ninth Organic Chemistry Symposium, 
Ann Arbor, Michigan (1941). 
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all the membeis of this group found to date can be regarded as poly- 
hydroxy-2>phenylben!iopyrylium salts. 



BensopyryUam 

fhlqriflft 


a 



11 

2*Fhenylbenzopyryliam ^ 
cbloride (flaYyllam chlori^) 



HO III 


S,B,7-Trlhydroxy- 
flaTyllam chloride 


The Type Group of the Anthocyanidins. The investigations 
Willstatter,*’ ’’’ * Karrer,* and Robinson *’ **’ “■ “ have shown that 

there are ax type groups of the anthocyanins to which the various indi^ 
viduals can be referred.* These groups are known respectively as\ 
pelargonidin (IV), cyanidin (V), delphinidin (VI), peonidin C^I), 
malvidinf or syrin^din (VIII), and hirsutidin (IX). It is to be 
observed that pelargonidin (IV), cyanidin (V), and delphinidin (VI) are 
the fundament^ types of the class, whereas peonidin (VII) is a mono- 
methyl ether of cyanidin, and malvidin (syrin^din) (VIII) and hirsutidin 
(IX) are respectively the di- and trimethyl ethers of delphinidin. All 
Hie type groups have been synthesized by Robinson and his co-workers 
through methods that leave no doubt as to the validity of their 
structure.! 



Rolniuoii, Nature, 137, 94 (1936) ; Ber,. 67A, ^ (1934). 

Robinson, Nature (Royal Jubilee Number), 180, 732 (1935). 

w Robinson, /. Soe. Ckemrind., 08, 737 (1933). 

Robinson, President’s Address, Section B, Chemistry, Bntish Association for the 
Advancement of Science; reprinted in Nature, 138, 625 (1933). 

* The dasses are usually designated by root names derived from the Latin botanical 
nomendature. 

t Malvidin is also called ayringidin since it yidds syringic add on degradation with 
dilute alkali. 

It is a remarkable fact that almost the whole range of anthocyanin pigments of 
flowers, fhiits, and Ulosaoms is derived from the three fundamental anthocyanidin tsrpes, 
tv, V, VI, by various substiturions in the hydroxyl group. However, some excep- 
tions exist. The Uuest anthocyanins in the beet, for instance, oridnally isolated by 
WlUstftrtter, are nitrogenous pigments (see Robinson and Rodnson, /. Chem, Soe,, 1439 
{19821; 25 [1933]; 446, 449, 453 [1937]). 
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VI 

Delphinidin 

[3,5,7,3',4',5'-hexahydroxy-2- 
phmylbensopyryliuxn chloride] 


VII 

Peonidin 

13,6,7 ,4'"tetrahydroxy-3 '-methoxy- 
2 -phenylben 2 opyTyhuin chloride] 


HOi 



HO 


vni 

Malvidin (eyringidin) 
[3f5,7 ,4'*'tetrajiydroxy-3 ,6^- 
dimethozy-2-phenylbenso- 
pyryliuin chloride] 


Cl OCHa 

HO 

IX 

Hirsutidin 

[3,5,4'-trihydrozy-7,3',5'-4ri- 

methosy-2-phenyll^sopyrylhim 

ohloridel 


The Glycosidic Nature of the Anthocyasins.*’ *■ u. 12 . u ^ the 
members isolated so far yield in addition to the anthocyanidin a sugar 
(p. 1572), or several sugars, when boiled for a short Ihne with dilute 
mineral acids. The greater number of the anthocyanins fall into a com* 
paratively restricted number of categories with the sugar residues 
attached to the 3* or 3,5-hydroxyls; thus (a) the 3-monoglucosides and 
3-monogalactosides; (b) the 3-rhainnosides and other 3-pentosides; (c) 
the 3-biosides; (d) the 3,5-diglucoside8; and (e) the acylated anthocy- 
anins. The anthocyanins of class (d) are the most widely distributed 
and best-known members of the group. Pdargonin, the 3,5-digluooside 
of pelargonidin (IV), the pigment of the scarlet pelargonium and pos- 
sibly the first member of the soluble pigments to be obtained in a crys- 
tall^e condition,^’ ’’ belongs to this group, as does cyanin, isolated 
by Willstatter in 1914 from the cornflower. Pelargonin, cyanin, peonin, 
malvin, and hirsutln have been synthesized by Robinson.^** Certain 
anthocyanins, delphinin, gentianin, monarda^, and salvianin, for 
instance, yield, in addition to the pigment and the sugar or sugars, a 
third component which is invariably an organic acid. These represent 
the acylated anthocyanins [group (e) above]. The acids found so far 
are p-hydroxybenzoic, malonic, p-hydroxyci n na m ic, and p-coumazic acid 
(see the work of Kurer *’ ^). The add radicals can be either in ester 
combination with one of the hydroxyl groups of the pigment nudeus, 
or attached to an hydroxyl of the sugar component. The hydrolysis of 

** Kuiw co^mnrkenii Chim. Ada., 10, 67, 729 (1027) ; U, 292 (1920) ; 10, 60J 

( 19 ? 2 ). 
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some* representative anthocyanins is illustrated in the following equa* 
tions: 

CjtHjiOisCI -4- 2HaO — > CnHnOsCl + 2C(HiaOc 

Pelargonin chloride Pelargonidin Glucose 

chloride 

CaoHsiOieCl + 3H2O CibHuOtCI + CeHiBOg + CgHgOs 

Oentiazun chloride Delphinidin Glucose p-Ooumario 

chloride acid 

C41H89O21CI -f* 4H2O CibHiiOtCI + 2C6H12O6 ” 1 “ 2C7H6O8 

Delphinin chloride Delphinidiu Glucose p-Hydrozsr- 

chloride bensoic acid 

The Degradation Products of the Anthocyanidins.^’ The occui^ 
rence of the 2-phenylbenzopyryliuin nucleus (II) in the various anthc 
cyanins was originally established by Willstatter through an alkalin^\^ 
fusion of the sugar-free pigments.* When the empirical formulas of 
the three parent classes are compared, it becomes evident that they 
differ from each other by a single oxygen atom, as represented below: 

Pelargonidin chloride CisHuOsCl or CisHyOCKOHli 
Cyanidin chloride CitHnOgCl or CigHgOCUOHlg 
Delphinidin chloride CuHuOtCI or C«HsOCl(OH), 

These three anthocyanidins degrade upon fusion with potassium 
hydroxide into two simple products, one of which is a phenol, the other 
a phenolcarboxylic acid. The phenol obtained from each of the three 
homologous anthooyanidins is the same, namely, phloroglucinol (1,3,5- 
trihydroxybenzene) (X). The phenolcarboxylic add obtained from the 
simplest anthocyanidin, pelargonidin (IV), is p-hydroxybenzoic acid 
(XI) ; that from the next simplest, cyanidin (V) is 3,4-dihydroxybenzoic 
add or protocatechuic acid (XII) ; that from the third, delphinidin (VI), 
is 3,4,5-trihydroxybenzoic acid or gallic add (XIII). 

The relationship of the phenol common to the three parent antho- 
cyanidins and the respective phenolic adds is illustrated in the scheme 
shown on p. 1321. 

Methods introduced by Paul Karrer in 1927 *’ “ for the purpose of 
establishing the predse nature of the phenyl reddue in podtion 2 and 
the points of linkage of the sugar reddues have proved fruitful and 
reliable. Prior to Karrer’s work the podtion of the methoxyl reddues 
in the anthot^anidin groups VII, VIII, and IX was not known, dnce 

* Sujq^lementary evidence which indicated that the anthocyanidina contain the 
2-^phenylbe(Qzopyiylium nudeue wag the reduction {in tUro), of the flavonol quercetin 
(XXrV) to cyanidin (XXV). See reference 6. 
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a 



DelphlnidlQ 



OH 


XI 

i^B7drozybelUBole.Acid 



xn 

Protocatechnlc Acid 



xni 

OaUic Add 


the concentrated alkali employed to degrade the pigments also removed 
the methoxyls. The position of the sugar residues was likewise an open 
question. Karrer’s degradation of the sugar-free pigments with dilute 
barimn or sodium hydroxide (10 per cent) in an atmoi^here of hydrogen, 
which yielded the phenolic acid with the methoxyl groups intact, was, 
therefore, a s^nificant advance. The results obtained by this method 
were confirmed through , a second method wherein a degradative oxida- 
tion with hydrogen peroxide was first employed to open the ring of the 
anthocyani^ between carbon atoms numbers 2 and 3 without removing 
either the sugar residue or the methoxyl groups. The resulting inter- 
mediate, which was obtained from malvin,* could subsequently be 
quantitatively hydrolyzed with dilute acid or alkali to the corresponding 
methoxylated phenolic acid, e.g., syringic acid. The derivative of 
phloroglucinol, which might be formed in this hydrolyas from the 
various methoxylated anthocyanidins and which would contain one of 
the sugar residues and an acid side chain, has so far not been isolated in 
a crystalline condition. 

The course of these degradations can be illustrated with the di^uco- 
side, malvin chloride (XX). Starting with malvidin chloride (VIII), 
with dilute alkali gave on the one hand phloroglucinol (X) 
and syringic acid (XV) or 3,5-^methoxygallic acid. The oxidative 
de g rada tion with hydrogen perordde transformed malvin chloride (XX) 

* Tlw oormpondinK intetmedistes from other members of the group bovo not beeu 
isolated. 
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into an intermediate malvon, whose exact constitution is not known, but 
which may be represented either by the structure XlVa or XIV5. 

If malvon is XlVa, degradation with dilute sodium hydroxide 
would yield syringe acid (XV) and a derivative of phenylacetic acid 
(XVI), 2-glucosido-4,6-dihydroxyphenylacetic acid (not isolated). If 
XlVfe is the correct structure for malvon, syringic acid (XV) would 
likewise be formed and a derivative of mandelic acid (XVII), 2-glucosido- 
4,6-dihydroxymandeIic acid (not isolated). As the structure of syringic 
acid (XV) was known from previous studies in the tannin group, the 
positions of the two methoxyls in the 3',5'-positions of malvin are esta^ 
lished. The structure of the two phloroglucinol residues (XVI) 
(XVII) is still an open question since neither has been isolated, nc 
have they been prepared through independent s 3 mtheses. 


Cl OCH, 




Ba(OH)s 



VIII 

Malvidin chloride 


X 

Phloroglucinc^ 


XV 

Syringic acid 


Cl OCHi 

/ yjg 




XX 

Malvin chloride 
[oxidative 
d^Cradation] 

i 




xvr 

a-OIiieoeid<H4,6-dihy^oxy- 
I^Moylaoetio acid 
(notiMlated) 



XV 

Syringio acid 



{not iioiatad) 
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Another mode of attack introduced by Karrer^^ involved the, 
methylation of the anthocyanins themselves, which was followed by a 
subsequent removal of the sugar group and the identification of the 
unmethylated position which it originally occupied. It was largely 
through these approaches that the location of the sugar residue in the 
monoglycosides was allocated to the 3-hydroxyl position of the antho- 
cyanidin nucleus. 

Karrer's work in conjunction with Robinson’s synthetical approach, 
which was being made at about the same time, eventually led to the 
conclusion that the second sugar residue in the diglucosides occupies 
position 5 most generally. The total synthesis of malvin chloride 
(XX) realized by Robinson represents the crowning achievement of 
this phase of the anthocyanidin studies (see p. 1324). 

General Methods of Synthesizing the Anthocyanidins and the 
Anthocyanins. The constitution originally assigned by Willst&tter to 
the three parent types of the class, e.g., pelargonidin (IV), cyanidin 
(V), and delphinidin (VI), has been confirmed through syntheses carried 
on independently in the laboratories of Willstatter ^ and Robin- 
son.*’ ^ 2 . 13 resulting synthetic specimens have been care- 

fully compared and identified with the natural products. The two gen- 
eral methods that have been employed are: 

1. The addition of aryl Grignard reagents to coumarins: 



H 


2. The condensation of o-hydroxybenzaldehydes with appropriate 
ketones followed by ring closure: 

O X 



H 


Willstatter • used the first of these methods in the synthesis of pelar- 
gonidin and cyanidin. Robinson “ has employed the second method 
with eminent success in the synthesis of dU the anthocyanidin types. 

The total synthesis of several naturally occurring anthocyanins* 
by Robinson and his school represents an even greater achieve- 

ment than the synthesis of the six type anthocyanidins. The general 

^ HobiiiBon and co-workers* Chem, Soc*^ 2d66, 2701 (lOSl) ; 2209 (ISaO). 

^ Hiese are chryeantheminf oenin, pelorsonin* and malvin. 

RobSuon and co-workers, i&id., 128 , 188 (1924) ; 127 , 166 (1925) ; 1968 (1926). 
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procedure of Robinson’s method is illustrated by the synthesis of 
malvin, the 3,&-diglucoside of malvidin, which occurs in the wild mallow 
and in certain primulas.^^ 

Malvidin is 3,5,7,4'-tetrahydroxy-3',5'-dimethoxy-2-phenylbenzo- 
pyrylium chloride (VIII). The synthesis of the diglucoside malvin was 
accomplished in the following manner. The 2-0-acetylglucoside of 
phloroglucinaldehyde (XVIII) (2-0-tetra-acetyl-i9-glucosidylphloro- 
glucinaldehyde) was condensed with a>-0-tetra-acetyl-j3-glucosidoxy-4- 
acetoxy-3,5-dimethoxyacetophenone (XIX) in dry ethyl acetate solution 
with hydrogen chloride.* The resulting condensation product w^ 
treated with barium hydroxide to remove the acetyl groups from the 
sugar residues. Then the flavylium salt, malvin chloride, was generat^ 
by treatment with hydrochloric acid. No divergences in the propertieb 
and behavior of the natural pigment (isolated by Karrer) and the syn- 
thetic could be detected. The important reactions involved in this 
synthesis are presented structurally in the scheme below: 

MeO ^ MeO Q _ MeO O 


Meb 


Aoetyls 3 ningoyl- 

chloride 


MeO 

<0-Diaso-4>ftcetoxy> 

3,5-dimethozyaoetopheiione 


HCOOH 


-> A( 




CH 2 OH 


M- 


<ii-Hydroxy-4-acetoxy- 

3,5-dimetboxyaoetophenoiie 




+ jS-Bromoacetyl glucose 




0'hTomo I acetyl glucose 

OMe 

0==C-/ V>Ac 


Phloro- 

glucipaldehyde 


Mi^yin 

I Ha 


(Ac0)40C6H7 0 
XVIII 

2-O-tetra-acetyl- 

/9-glucosidylphloro- 

^ucinalaeihyde 


N).C(H7C 


)Me 

.C(H70(OAc)4 
XIX 

w-O-tetra-acetyl- 

/9-glucoudoxy'4-aoe- 

toxy«8,5-dunethoxy- 

aoetophenone 


Ba(OH)« 

deacetylation 

Cl OMe 


HCl in etiiyl acetate 
Acetylated malvin chloride 


.HQ 


CsHaO. 



Me 
CtHaOt 


XX 

Malvin ohloridB 


OMeral Properties and Isolation of the Anthocyanins.^* ** As 
might be expected from the usual occurrence of these pigments in the 

* The letter ca (omega) is xiaed to denote a substituent at the end of any chain. 

» Robinson and Robinson, Biochem, n, 16S7 (1031); S6, 1647 (1032); 17, 206 
(1038) ; ai, 1661 (1038). Prioe and Sturgess, ibid., tt, 1658 (1038). 
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plant cell sap, all members of the group are soluble in water. They are 
also quite soluble in the hydroxylic solvents, but they are insoluble in 
such non-hydroxylic solvents as ether, benzene, or chloroform. Since 
they cannot be extracted from the plant tissue by means of the volatile 
solvents, special means of separating the accompan 3 dng water-soluble 
substances had to be developed. 

Willstatter ^ recognized at the outset that these pigments are 
amphoteric substances and that they form true oxonium salts with acids. 
These salts are remarkably stable and have extraordinary crystallizing 
properties. Consequently, in the final stages of the isolation, the pigment 
is usually converted into its hydrochloric or picric acid salt. 

The isolation of a member of this group usually proceeds along the 
following general lines. The pigment is first extracted from the plant 
material with methyl or ethyl alcohol containing hydrochloric acid. The 
crude chloride is then precipitated with ether. It is purified by redis- 
solving in aqueous hydrochloric acid; a suitable quantity of alcohol is 
added and then ether to effect a reprecipitation of the salt. The final 
recrystallization may be done with alcoholic hydrochloric acid or aqueous 
alcoholic hydrochloric acid. 

Karrer has shown that at least some of the anthocyanins obtained 
by the above procedure can be purified through the use of the chromato- 
graphic adsorption technique of Tswett and that certain pigments in 
this group heretofore regarded as pure are mixtures containing traces of 
other anthocyanins. 

The acid salts of the anthocyanins and anthocyanidins are usually 
red; the metallic salts with bases are blue. In the neutral state the pig- 
ments are purple. Thus, cyanin, the pigment of the blue cornflower 
and of the rose, is red in solutions of pH 3.0 or less, violet at pH 8.5, and 
blue at pH 11.0. The red, violet, and blue forms are the oxonium salt 
(XXI), the color base * (XXII), and the salt of the color base (XXIII) 
(after Willstatter). t 


Cl OH 


C,Hii05 0 
XXI 

Oxonium salt of oyanin 


0 • CeHiiOs 


_OH 

C,Hu050 

XXII 

Color baae of oyanin 


Elarrer and co-workers, Helo* Chim. Acfa., 19, 28, 1025 (1936). 

♦ As yet no evidence exists in regard to the assumed position of the quinonoid group 
and the acidic hydroxyl. 

t For other methods of formulating the salts and pMudo-bases through other theories 
see footnote * on p. 1317. 
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ONa 

CeHiiOs 

C.HuO»0 

XXIII 

Salt of the oolor base of eyanin 

Absoxption Spectra of <lie AnthocTanidins. The anthoc 3 famdins as 
well as all the anthocyanins studied so far have strong absorptionj 
powers over the range of 6000 to 2000 A. units. The absorption spectral 
(p. 1783) of the sugar-free pigments and the glycosides of the pigments \ 
are approximately the same. A maximum absorption, the cause of the \ 
color, lies in the visible spectrum. All members examined also have a \ 
band that lies in the vicinity of 2700 A. The absorption spectra of the 
chlorides of three anthocyanidins (concentrations 0.0001-0.00004 molar 
in ethyl alcohol) are presented in Kg. 1. (After Schou.^*) 



Fto. 1 


Factors Affecting the Colors of Antiiocyanin Pigments in the Kant 

Studies by the Robinsons have led to the belief that the imun 
factors affecting the colors of the anthocyanin pigments in the cell sap 
are: (1) the nature and concentration of the anthocyanins and other 
cdor^ substances present; (2) the state of aggregation of the antho- 


** fiohoB, Heh. CMm. Acta, 19, 907 (1927). 
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cyanin in solution, which is determined in part by the pH of the cell sap 
and the presence or absence of protective colloids of tiie polysacdxaride 
group (the pentosans); and (3) the presence or the absence of co-pig- 
ments (the tannin and flavone glycosides) and possibly also the effect 
of alkaloids (p. 1166), of traces of iron and other metals that form com- 
plex combinations. 

The Occurrence of the Anthocyanins.*’ Over twenty glyootidic 
combinations of the various anthocyanidins have been isolated from the 
flowers and fruits of plants. The anthocyanins usually occur as mix- 
tures, and the amoimt in the various flowers vauies over a wide range. 
Thus, the cyanin of the blue cornflower represents 0.75 per cent of the 
weight of the dry petals. In certain deep red dahlias this pigment 
comprises over 20 per cent of the dry weight of the petals, and in the 
dark blue pansy the anthocyanin content (violanin) is approximately 
33.0 per cent. 

The Robinsons ” have made an extensive survey on the occurrence 
of anthocyanins and have developed means of detecting qualitatively 
the type of anthocyanidin derivative that an extract of the plant tissue 
in question might contain. In some instances they have been able to 
distmguish the nature of the sugar residues (e.g., methylpentose or aldo- 
pentose) attached to the pigment. 

The methods have been developed from an exhaustive study of the 
chemical behavior of the pure anthocyanins and anthocyanidins iso- 
lated either from natural sources or prepared synthetically. The basis 
for the methods are the characteristic color reactions given by the antho- 
cyanins with alkalies and ferric chloride and the distribution coefficient 
of the anthocyanin between immiscible solvents. The tests employed 
are: 

1. Oxidation test. The addition of 10 per cent aqueous sodium 
hydroxide to a dilute solution of the pigment which is then shaken in 
the presence of air. Petunidin and delphinidin are destroyed at once; 
the other members of the group are relatively stable. 

2. Extraction with amyl alcohol; addition of sodium acetate and a 
trace of ferric chloride. Characteristic color reactions are observed. 
The color is particularly pronoimced if cyanidin is present. The violet 
amyl alcohol solution changes to a pure blue in the last stage of the 
reaction. Pelargonidin, peonidin, and malvidin do not give the ferric 
chloride test. 

3. Distribution between 1 per cent aqueous hydrochloric add and a 
mixture of anisole (5 volumes) and ethyl isoamyl ether (1 volume) con- 
♦jiining 5 g. of picric acid in 100 cc. Delphinidin is not extracted by 
the organic solvent layer; petunidin is taken up to some extent, ( yanidin 
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to a considerable extent, whereas malvichn, peonidin, and pelargonidin 
are completely extracted if the solution is sufficiently dilute. 

4. Distribution between 1 per cent hydrochloric acid and a mixture 
of cyclohexanol (1 volume) and toluene (6 volumes). Delphinidin and 
petunidin are not extracted, malvidin ^ves the organic solvent layer a 
faint blue tint, ^anidin a pale rose tint, while peonidin and especially 
pelargonidin are extracted to a contiderable extent. 

The above tests are readily applicable to crude extracts, for usually 
only one p^ment is involved in the production of the color in the plan^ 
material extracted. 

The Relationship of the Anthocyanidins to Other Classes of Plant' 
Products.*’ **■ The anthocyanidins represent a class 

of substances which from the standpoint of degree of oxidation lie inter- \ 
mediate between the flavonols and the cateciuns. This is illustrated ^ 
by a comparison of the anthocyanidin cyanidin (XXV), to the fiavonol 
quercetin (XXIV), and to d,i-epicatechin (XXVI). 



XXVI 


d,I-Epicatechin 

In fact, cyanidin has been obtained in vitro from quercetin, by means of 
reduction with magnesium in aqueous methyl alcoholic hydrochloric 
add solution,' and the reduction of cyanidin to d,l-epicatechin has also 
been realized." The reverse reaction, that is, the oxidation of the less 
oxidized substance to a higher stage of oxidation, has so far not been 
achieved. 

The successful converdon of a widely distributed anthoxanthin 
(quercetin PUQV]) into a widely distributed anthocyanidin (cyani- 

Freudeaberg and co-workers, Ann., 444, 135 (1925). 

^ Wheldale, Nature, 189, 601 (1032). 

** Stewart, **Reoent Advances in Organic Chemistry," Longmans, Green and Co„ 
London (1030), 6th ed., Vol. 11, Chapter Yll. 

**Bobui8on and Robinson, Nature, 180, 21 (1932). 

MBofainscm, ibid., 187, 172 (1936). 



Soke of the Important Properties of the Six Type Anthoctanidins 


ANTHOCYANINS AND THE FLAVONES 


1329 



fading 



1330 


ORGANIC CHEMISTRY 


din [XXV]) has led to speculations that similar reactions occur in 
the plant and indicate the course of the phytochemical synthesis. 
Robinson *’ ® is, however, of the opinion that there is little justifi- 

cation for this view and has suggested that the flavones and antho- 
cyanidins are independently synthesized from a common starting point 
through a transformation involving an oxidation. Continuing the work 
of Rosenheim,^^ the Robinsons have established the presence in plant 
tissue of colorless precursors (called leucoanthocyanidins) which yield 
colored anthocyanin-like pigments on treatment with hydrochloric acid 
in the presence of oxygen. The leucoanthocyanidins occur as glycosides 
and sugar free.^ They are classified on the basis of solubility in waten 
and the property of being extracted from aqueous solutions with ethyl! 
acetate. 

A detailed study of the mechanism of the biosynthesis of the flavonols, \ 
anthocyanidins, and catechins will without doubt lead to many interest- 
ing results which should be of great significance to our understanding of 
phytochemical processes in general.* 

The Distribution and Occurrence of Some Representative Members of the 
Six Type ANTHOCYANiDma 


1. Pelargonidin Derivaiwes 


Pelargonin 

Di^ucoside 

Scarlet pelargonium, orange-red 
dahlia, red cornflower 

Puniciii 

Diglucoside (seemingly iden- 
tical with pelargonin) 

Punica granatum 

Monardaein or 

Diglucoside — contains also 

Monarda didyrm and Salvia splenr 

Balviaiun 

p-hydroxydnnamic acid and 
malonic acid 

densj Selle, and coccinea L. 

Callistephin 

Monoglucoside 

2. Cyanin Derivatives 

Callistephus chinensis, Nees, syn. 
Aster chinensis L. 

Cyanin 

Diglucoside 

Red rose, blue cornflower, deep 
red dahlia 

Mekocyanin 

Diglucoside 

Dark red Mohn {Papaver Rhoeas 
L.) 

Black (dark) cherries 

Keracyanin 

Rhamnoglucoside 

Sambucin 

Monoglucoside (apparently 
identical with chrysanthe- 
min) 

Elderberries {Sambucus nigra) 

Idaein 

Galactoside 

Cranberries (moimtain) 

Chrysanthemin 

orasterin 

Monoglucoside 

Scarlet-red winter aster 


^ Robinson and Robinaon, J, Chem, 8oCn 744 (1935). 

Rosenheim, Biochem. 14 , 73 (1920). 

* For details on the biological significance of the anthocyanins see references 4, 22, 24, 
and 25. The distribution of the individual pigments among the flowering plants is 
treated in references 3, 4, 5, and 17. See also the general references on p. 1340. 
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3. Ddphimdin Derivatives 

Delphinin Dii^ucoside Delphinium Consdlida L, 

Violanin Rhamno^ucoside Viola tricolor L. 

Gentiaziin Mono^ucoside, contains Gentiana acavlis, Gentiana ind- 

p-hydroxycinnamic acid garis 

4. Peonidin Derivatives 

Peonin Diglucoside Red peony 

Qxycoccicyajun Monoglucoside Fruit of Oxycoccus macrocarpus 

Pers. 

6. Malvidin (Syringidin) Derivatives 

Malvin Diglucoside Wild Malve, Primula viscosa 

Oenin Monoglucoside Blue grape 

6. Hirsutidin Derivatives 

Hirsutin Diglucoside Primula hirsuta 

THE FLAVONES 

Introduction. The flavones (from the Latin for yellow) represent 
an important group of pigments that occur in the plant king- 
dom.^* ** Of all the natural pigments that can be used as 

dyestuffs they are by far the most widely distributed in nature.* They 
occur naturally in combination with rhamnose or glucose as glycosides, 
sometimes uncombined, and frequently also associated with tannins. 
One of the members of this group, luteolin, the main coloring matter 
of the herbaceous plant known as weld {Reseda luteola)^ is said to be the 
oldest European dyestuff known.^’ ® Some of the flavone dyestuffs that 
are still significant economically are weld, young and old fustic, and 
quercitron bark. The use of these, however, is largely confined to the 
uncivilized or semi-civilized countries in which they abound. The chem- 
istry of the flavones, which bears a striking resemblance to the antho- 
cyanidin group (p. 1318), was elucidated largely through the researches 
of von Kostanecki, Herzig, and A, G. Perkin, and dates from the period 
of 1895 onward. 

The basic unit of the flavones is y-pyrone (I), the anhydride of an 
unsaturated l,5-dihydroxy-3-ketone. y-Pyrone, a colorless solid, 
has been prepared synthetically by Claisen.®® The simplest aromatic 

” Kleia (editor), ‘‘Handbuch der Pflanzenanalyse,” Springer, Vienna (1932), Vol. Ill, 
pp. 851-941. 

** Abderhalden, “Biochemisches Handlexikon,” Springer, Berlin (1911), Vol. VI. 

*• B6mer, Juokenaok, and Tillmans, “Handbuoh der Lebensmittel Ghernie,” Springer, 
BerUn (1933), Vol. I, p. 604. 

* That their distribution in plants is practically universal can be readily demonstrated 
by the orfor reaction with alkalies. This reaction is best shown by colorless parte ol 
plants, each as white flowers. Placed in anunonia vapor, almost any white flower wBl 
turn bright yellow. 

^ Claisen, Bar., 24 , 118 (1891). 
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derivative of 7 -pyrone is benzopyrone (II), commonly called chromone. 
Substitution of a benzene residue in position 2 of the 7 -pyTone nucleus 
produces 2-phenylbenzopyrone (III), or flavone. When the hydrogen 
on carbon atom 3 in the 7 -pyrone ring of flavone is substituted by 
hydroxyl, 3-hydroxyflavone (IV), or flavonol, is formed. 


HC'^^aCH 
li ^ti 
HCkg^CH 

II 

0 

1 

7-pyrone 




0 

n 

Benzopyrone 


.0^ 


II 

o 

IV 

8-Hydrozy flavone (flavonol) 


The various flavones and 3-hydroxyflavones, or flavonols, differ from 
III and IV, respectively, in that substitution of hydrogen atoms by 
hydroxyl groups has taken place in either the phenyl or benzo radical of 
the parent formulas. The accompanying table lists a few of the typical 
members of the group and illustrates the comparative constitution.* 
The structure of the members listed here has been verified through 
degradation studies and by syntheses. 

Properties of the Flavones. Most of the flavones are yellow crystal- 
line solids (with high melting points), soluble in water, alcohol, dilute 
mineral acids, and alkalies. From their solutions they may be precipi- 
tated by lead acetate, the precipitate being yellow, orange, or red. With 
ferric chloride a dull green or sometimes a red-brown coloration results. 
(A useful qualitative reaction for the detection of flavones is the boric 
acid test of Wilson.” The flavanones give no reaction. Some of the 
limitations of the test are considered by Wolfrom in his studies on the 
isoflavones.) The solubility of the flavones in acids is due to the baac 
properties of the oxygen atom in the 7 -pyrone nucleus. The oxygen atom 
by becoming tetravalent can form additive compounds with acids 

* For a detailed compilation of the structure, physical properties, mode and place of 
occurrence of the many flavone pigments that have been studied to date see references 
1, 2. 3, 27, 28, 29, 30. 

Wilson, J. Am. Chem. Soc., 61, 2303 (1939). 

» Wolfrom et al., ibid., 68, 1248 (1941). 
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producing oxonium salts. The salts are, as a rule, more highly colored 
than the bases from which they are derived, and are generally very 
unstable in the presence of water. The flavones differ in this respect 
from the anthocyanidins, which 3deld stable oxonium salts and fre- 
quently occur as such in the plant '* (pp. 1316-1317). 


H Cl 

X 


HC 


CH 


HC CH 

\c/ 

II 

0 

7-Pyrone‘HCl 


Representative Flavonb Pigments 


Name 


Flavone 

C16H10O2 

[2-phenylbenzo- 

pyrone] 


Chrysin 

C16H10O4 

[5,7-dihydroxy- 

flavone] 


Apigenin 

CisHioOs 

[6,7,4'-tri. 

hydroxyflavone] 


SiruduTol Formvla 




Occurrence 

As dust on flowers, 
leaves, and seeds of 
various primulas 


In buds of several 
varieties of poplar 
(P. nigraf P, 
pyramidalU) 


In pardey as 
glycoside apiin; 
in ydlow dablias 


Luteolin 

CiftHioOe 

[5,7,3',4'.tetra- 

hydroxyflavone] 



In weld (Reseda 
lute6Ui)f dyers’ 
broom (Gendeta 
tindoria) 


* For details on the biologioal significance of the flavones, see reference 4; also Haas 
and Hill, **An Introduction to the Chemistry of Plant Products,** 4th ed., Longmans 
Qreen and Co., London (1928), Vol. 1. 
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Rbfbbbdntativb Flavome FiQynsm&---ConHnued 


Name 


Fisetin 

CifiHioOe 

[3,7,3',4'-tetra- 

hydroxyflavone] 


Galangin 
CuHioOs 
(flavonol of 
Chrysin) 
[3,6,7-tri 
hydroxyflavone] 

Kaempferol 
CisHioOe 
(flavonol of 
Apigenin) 
I3,6,7,4'-tetrar 
hydroxyflavoxie] 

Quercetin 
C16H10O7 
(flavonol of 
Luteolin) 
[3,6,7,3',4'-penta- 
hydroxyflavone] 


Myricetin 
CisHioOs 
[3, 5, 7,3', 4', 6'- 


flavone] 


Slractwrdl Formxda 


O 

A 

= I 

5oh 



H 


I 


A 


OH 


Hi 



H 


H 


^ I 


^ OH 

\c OoH 


Occwrrence 


In wood of young 
fustic (Rhus cotinus 
and Quebracho 
Colorado) 


In galanga root, 
the rhizome of 
Alpina offidnarum 


In blue delphinium 
flowers 


As 3-rhanmoside 
in bark of Ameri- 
can oak {Quercus 
tinctoria)t leaves 
of horse chestnut, 
colored onion 
scales, etc. 

As glycoside in 
an evergreen 
native to the 
Orient, the Myri- 
caceae family 


Degradation of the Flavones. On boiling with alkali the hetero- 
cyclic ring system is opened. The course of the degradation can be 
illustrated with flavone, which forms o-hydroxydibenzoylmethane (V). 
This then degrades in part to salicylic acid (VI) and acetophenone (VII), 
and in part to o-hydroxyacetophenone (VIII) and benzoic acid (IX). 
On fusion with caustic alkali the flavones are degraded to a phenol and 
an add. Phloroglucinol and protocatechuic add are commonly formed, 
and sometimes resorcinol and resorcylic or hydroxybenzoic adds, depend- 
ing on the substitution in the benzene rings in positions 2 and 5,6 of the 
7-pyrone nucleus (I). Thus, quercetin and luteolin yield phloroglucinol 
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and protocatechuio acid (3,4-dihydroxybenzoic acid). Apigenin and 
kaempferol yield phlorogludnol and p-hydroxybenzoic acid. 


O 



in V vin IX 

Flavone 


Synthesis of the flavones. Various methods have been developed 
by von Kostanecki, Perkin, Robinson, and others.*’ *• **• •* One of the 
most useful general methods involves a condensation of appropriate 
alkylated o-hydroxyacetophenones (X) with esters of aromatic acids 
(XI), or esters of alkylated salicylic acid (XII) with acetophenones 
(XIII) in the presence of sodium. 


O 



Annt-h ftr general method employs a condensation of o-hydroxyaceto- 
phenone (or its methoxyl derivative) with benzaldehyde (its hydroxyl 
or methoxyl derivatives). The appropriate hydroxyl or methoxyl 
derivatives of the two starting products are chosen depending on the 
flavone sought. 

" Hepworth, “Chemical Sjmthens,” Blackie and Son, London (1024). 

** Abderhalden, “Handbuoh der bidloaiaehen Arbeitamethoden,” Urban and Bdiwat* 
enberg, Berlin (1022), Vol. I, Part 10, Supplement 84. 
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oG-* 


GOO 

6 

XIV 

nHydrozy acetophenone 

XV 

Benxaldehyde 

6 

XVI 

o-Hydrozybensalaoetophenone 

(o-hydrozychalkone) 


1 

HCl 1 
(alcoholic) 1 

r\ TT V 


/ Bromination 

/ 4- 

followed by 
elimmation of 
HBr with NaOH 

a>G 

11 

0 

XVII 

Flavanone ♦ 

[2,3-dihydroflavone or 2-phenyl- 
2,3-dihydrobenzopyronel 

0 

III 

Flavone 



When flavanone t (XVII) is treated with amyl nitrite and strong 
hydrochloric acid in alcoholic solution, the oximino (isonitroso) com- 
pound (XVIII) is formed, which on boiling in acetic acid solution with 
10 per cent sulfuric acid forms 3-hydroxyflavone or flavonol (XIX). 



XVII 

Flavanone 


XVIII 

OximinoflavanoDe 


cxti 

XIX 

Flavonol [3-hydrozyflavone] 


Finally, flavonol derivatives can be obt^ed by reacting the appro- 
priate 6)-methoxyacetophenone with appropriate phenolic acid anhy- 
drides. An example of this reaction which was developed by Robinson 
is presented below.** 

The synthesis of quercetin (XXVI) (3,5,7,3',4 -pentahydroxyflavone) 
was realized by von Kostanecki ** in 1904. Phloroacetophenone-4,6-di- 

* When the carbon 3 in the flavone is completely reduced with the elimination of the 
double bond the structure is called a /Ummone, 

t Doivatives of flavanone also occur in nature. Hesperidin, the idyooside occurring 
in oranges, is a flavanone. It is 6,7,3'-trihydrozy-4'-methox3^vanone-7-rhamnoside 
See references 1, 2, 3, 27, 28, 29. 

M Allan and Robinson, /. Chem, Soe., US, 2192 (1924) ; 2334 (1926). 

* von Kostanecki, Lamps, and Tamto, Ber., 87, 1402 (1904), 
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methyl ether (XX) was condensed with veratric aldehyde (XXI). The 
resulting 2-hydroxy-4,6,3',4-tetramethoxychalkone (XXII) was then 
boiled with dilute sulfuric acid in methyl alcohol and converted into the 
2,3-dihydrotetramethoxyflavone (XXIII). The introduction of the 
hydroxyl on carbon 3 in the pyrone ring was done in the usual manner 
throu^ the oximino compound (XXIV). Finally, removal of the four 
methoxyl residues from tetramethoxyquercetin (XXV) produced 
quercetin (XXVI), identical in all respects with the naturally occurring 
pigment. The various stages of this synthesis can be illustrated 
structurally as follows: 



Dilute 

HaS 04 CHt 0 H 



XXIV 

Oximino 

I (isonitroBo) compoxmd 


XXIII 

2,3-Diliydro-6,7,3',4'-tetra- 

methoxyflavone 



A direct synthesis of quercetin (XXVI) was realized in 1926 by 
Robinson.” «-Methoxyphloroacetophenone (XXVII) was condensed 
with the anhydride of 3,4-dimethoxybenzoic acid (veratric anhydride) 
(XXVIII) in the presence of the potassium salt of veratric acid. A 
molecule of veratric acid is regenerated as a result of the condensation 
which produces the 3,3',4-trimethyl ether of quercetin (XXIX). 
Removal of the methoxyl residues from the trimethoxyquercetin 
(XXIX) yielded the free pigment (XXVI), m.p. 313-314“, identical 
in all req)ects with the naturally occurring product. 
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XXVII XXVIII 

a)-Methozyphloro- Veratrio anhydride 
aoetophenone 



ISOFLAVONES 


The isoflavones have the phenyl group in position 3 of the benzo- 


pyrene nucleus. 



O 

XXX 

Isoflavone 

S^Phenylbencopyrone 



6 

XXXI 

Daidxein 

7,4'-Dihydros3^flavone 



A characteristic of the isoflavones (XXX) is that treatment with 
mild alkali produces, quantitatively, one mole of formic acid and an 
hydroxylated benzyl-o-hydroiiyphenylketone, which on further treat- 
ment with strong alkali degrades to an hydroxylated phenylacetic add 
and a polyhydric phenol. Thus daidzein (XXXI) yields flrst the 
intermediate ketone (XXXII) and formic add and finally 1,2,4- 
trihydroxybenzme (XXXIII) and p-hydroxyphenylacedc add 
(XXXIV).« 

The synthesis of isoflavone (XXX) involves the interaction of 

B Wall. Ann., 48», 118 (1931). 
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INTRODUCTION 

Among the substances found in nature are compounds derived from \ 
the hydrocarbon cyclopentanoperhydrophenanthrene, which for sim- 
plicity are called the steroids.^ These natural compounds are oxygenated, 
alkyl-substituted derivatives of the parent hydrocarbon, and have the 
ring system given in structure I. The recognized members of this group 
are the sterols, the bile acids, the cardiac aglucons, the genins of the 
toad poisons, the digitalis sapogenins, the sex hormones, certain adrenal 
substances, and a few other compounds which are not easily classified. 



I. Ring system of the steroid group. 

Variations within the group include changes (1) in the nature of the 
side chains R and R'; (2) in the spatial configuration of the nucleus and 
its substituent groups; (3) in the number and position of the hydroxyl 
groups; and (4) in the degree and position of unsaturation. The nature 
of the side chain R' changes markedly; and R, when present, represents 
either a methyl group, an oxidation product thereof, or hydrogen. Since 
the nucleus is alicyclic, stereoisomeric modifications (p. 328) of the type 
exhibited by the decalins occur. Actually the mutations in nuclear 
spatial configuration are few, since the relationship of rings B/C and 
C/D appears to be the stable trana arrangement in nearly all the known 
compounds. The relationship of rings A/B is not always the same, and, 

^ Callow and Young, Proe, Roy, Soc, {London), 157A, 194 (1936). 
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General Variations op Type Formula I Found in Nature 


Member 

R 

R' 

CHa 

1 

Sterols 

— CHs 

1 

— CH — (CH 2 ) 8 — CH(CHa)a/ or substi- 
tuted isooctyl 



CHa 

1 

Bile acids 

— CH 3 

— CH(CH 2 ) 2 — COOH 

Heart principles 

— CHa, — CH 2 OH Four- or five-carbon unsaturated lactone 
— CHO ring 

Digitalis saponins 

—CHa 

Eight-carbon ketospiroacetal (?) 

Sex hormones 
Estrogenic* 
Corpus luteum 
Androgenic 

—CHa 

—CHa 

Hydroxyl or carbonyl group 

Acetyl group 

Hydroxyl or carbonyl group 

Adrenal substances 

—CHa 

Hydroxyethyl, a,/3-dihydroxyethyl or hy- 
droxy acetyl (with H or OH at Ci?)* 


* Ring At or rings A and B, are bensenoid. 


through usage, those compounds which have the tram configuration are 
designated as alio structures. Although R and the C13 — CH3 group 
may be attached so that they project either above or below the plane of 
the paper, they are usually assumed to be projecting above the plane of 
the paper. Since these groups are generally methyl radicals and are 
attached at an angle to a carbon atom shared by two rings, they are 
referred to as angular methyl groups. 

Most of the steroids are hydroxylated at C3, and many of them are 
hydroxylated elsewhere in the ring system or the side chains. These 
hydroxyl groups may be attached either cis or trans to any given reference 
point. The (fifl&culty of establishing such relationships unequivocally 
and of agreeing upon a standard reference position has led to a fairly 
general adoption of the designations a and p to describe the two isomers 
of an epimeric pair. If the assumption is made that the angular methyl 
groups at Cio and C13 project forward, then the a-configuration is prob- 
ably in a trans position, while the jS-configuration is in a ds position to 
these two reference points. In the structural formulas the a-configura- 
tion is indicated by dotted lines and the /^-configuration by solid lines. 
Later in this discussion methods of determining the stereochemical rela- 
tionships will be considered. 

Generalizations as to the position and degree of unsaturation cannot 
be made. The members of the group exhibit varying degrees of unsatura- 
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lion, but in no instance, among the natural compounds, is the entire 
ling sjrstem aromatic. 

The chemical study of any group of natural compounds passes 
through three stages: isolation, constitutional determination by degradar 
tion, and synthesis. Among the steroids the more complicated members, 
the sterols, the bile acids, and the cardiac glycosides, were the first to 
be isolated and studied. The ampler sex hormones were not known 
until 1929, and one of these is the only natural steroid that has been 
completely synthesized. Serious handicaps often had to be overcome in , 
the course of isolation for, where the substances were abundantly present 
in nature, mixtures of closely allied compounds were usually encountered. < 
Because of the size of the molecules, the usual methods of characterizar 
tion did not always lead to satisfactory conclusions, and, in many 
instances, new physical and biochemical methods were necessary for 
precise definition. The sex hormones and the adrenal substances pre- 
sented further problems, since at fimt only microscopic amoimts were 
available for study. Because of these difficulties, microchemical methods 
have played a large part in the development of the chemistry of this 
group. 

Up to the year 1932 the structural investigations were concerned 
primarily with the nature of the nucleus. The study of this problem was 
carried out with the readily available cholesterol (II) ; with the common 
bile acids — cholic (III), desoxycholic (p. 1363), and a-hyodesoxycholic 
(p. 1420); and to some extent with the less common acids — lithocholic 
(p. 1361) and chenodesoxycholic (p. 1415). The early investigation of 
cholesterol, C 27 H 46 O, characterized this as a monohydric secondary 
alcohol containing one double bond and an isoOctyl side chain. Similarly, 
the bUe adds were recognized as hydroxy derivatives of cholanic acid, 
C 24 H 4 o 02 , which, in turn, could be shown to contain the same nucleus 

CH» 

as cholesterol and a side chain, — CH — CH 2 — CH* — CO 2 H. After 
allowing for the demands of the side chains, it was evident that the 
nucleus was hydroaromatic in nature, and apparently made up of four 
condensed rings. Owing to the lack of hetero atoms, the nature of the 
nucleus had to be determined by the methods of oxidative degradation 
and of dehydrogenation. 

In 1928 Windaus * and "Wleland • reviewed in Nobel Prize addr^es 
the results of their investigations on tiie sterols and the bile adds. The 
structures of cholesterol (Ila) and cholic add (lUa) which they dis- 

* Windatia, "Le Friz Nobel,” Stoekholm (1028). 

* Wieleod, “Le Friz Nobel," StoeUudm (1028). 
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cussed had been evolved by a study of the products of oxidative degrada- 
tion and seemed established in all details save for the attachment of 
carbon atoms 15 and 16. These were assumed to be present as an ethyl 
group at Cio. Subsequent attempts by Wieland* to prove the position 
of the ethyl group led to the startling conclusion that there was no such 
grouping attached to ring IV of structures Ila and Ilia at the point in 
question. The two carbon atoms accordin^y became “obdachlos” 
(homeless), and later investigation was concerned largely with attempts 
to place them in the ring nucleus. Wieland^ and Borsche * both su^ested 
structures in which the group CH 3 — CH< was inserted in ring III, but 
the resulting seven-membered ring structures were never entirely 
acceptable. \ 

A few years later, in 1932, Rosenheim and King ^ called attention to\ 
a neglected piece of evidence — ^the formation of chrysene as a product of \ 
selenium dehydrogenation of cholesterol and cholic acid. On the basis 
of this fact, and of the x-ray measurements of ergosterol (p. 1399) and of 
calciferol (p. 1409) by Bernal,* it was suggested that the ring nucleus 
of the sterols and of the bile acids was perhydrochrysene. Study of 
the evidence in the light of this suggestion led Rosenheim and King * 
and Wieland and Dane to modify the perhydrochrysene to a cyclopen- 
tanoperhydrophenanthrene nucleus. This new structure for the sterols 
and bile acids was immediately compatible with the vast amount of 
experimental material which had been accumulated.’* 

With the investigations of the sterols and of the bile acids as a 
background, the structural examination of most of the other members 
of the group was conducted to a satisfactory conclusion with rapidity. 
Although in many instances only small amounts of these natural products 
were available for study, degradation to mutually common compounds 
was carried out in nearly all cases. Finally, in 1939-1940, Bachmann 
and co-workers carried out a total syntheris (p. 1475) of one of the sex 


* Wieland and Vocke, Z. physiol, Chem., 191, 69 (1930). 

^ Wieland and Deulofeu, ibid,, 198, 127 (1981). 

* Borsche and Todd, ibid., 197, 173 (1931). 

^ Rosenheim and King, J. Soc. Chem. Ind., 81, 464 (1932). 

® Bernal, Naiure, 189, 277 (1932) ; J. Soc. Chem. Ind., 61, 466 (1932) ; for summary see 
Bernal et aL., Trans. Roy. Soc, {London), 839 A, 135 (1940). 

* Rosenheim and King, Nature, 180, 315 (1932) ,* J. Soc. Chem. Ind,, 51, 954 (1932) ; 
58, 299 (1933). 

Wieland and Dane, Z. physiol. Chem., 810, 268 (1932). 

* Reviews reconciling the older work with the new structure: Windaus, Z. physiol. 
Chem., 818, 147 (1932) ; Heilbron, Simpson, and Spring, J. Chem. Soc., 626 (1933) ; Rosen- 
heim and Bung, Ann. Rev. Biochem., 8, 87 (1934). Reviews giving the developments: 
Ann. Repte. Chen. Soc. (London), 84, 128 (1927); 85, 157 (1928); 88, 139 (1931); 30, 198 
(1933). 
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honnoiies. Thus, both by degradation and by synthesis, the structure 
of the nucleus has been established. 

THE STRUCTURE OF THE NUCLEUS 

As was suggested above, the structural investigation of the nucleus 
has been carried out exclusively with the sterols and the bile acids. 
The early investigators felt that the nucleus was identical in these two 
series, but proof was first offered by Windaus and confirmed by Wieland. 
With the establishment of this fact, evidence obtained from the study of 
cholesterol could be applied to the bile acids, and vice versa. Then 
followed a period of intensive work in which the several rings were 
opened and the products studied by thermal decomposition. This path 
led to a false solution, however, and it was selenium dehydrogenation 
which finally furnished the essential clue. 

When selenium dehydrogenation of cholesterol is carried out at 
360°, one of the products is a hydrocarbon, CigHie (IV, Diels' hydro- 



IV, 

cyclopcntenopbenanthreDe 
(Diels* hydrocarbon) 


carbon). Early in 1934 the structure of this hydrocarbon was definitdy 
established as 3'-methyl-l,2-cyclopentenophenanthrene (or y-methyl- 
cyclopentenophenanthrene), but because of the drastic conditions of 
selenium dehydrogenation, together with the very poor yield of product, 
the formation of a cyclopentenophenanthrene is not good proof of a 
cyclopentanoperhydrophenanthrene nucleus. Although selenium dehy- 
drogenation of a hydrocarbon derived from certain of the bile acids to 
methylcholanthrene (p. 1354) in relatively good yield furnishes con- 
firmatory evidence of the structure of the nucleus, the real proof comes 
from a reinterpretation and further investigation of tire oxidative degra- 
dation of cholesterol and of the bile acids. 

Evidence of a Common Nucleus in the Sterols and Bile Adds. When 
cholesterol is catalytically hydrogenated at room temperature, dihydro- 
cholesterol is formed; at 200°, and with nickel as a catalyst, the product 
is a mixture of dihydrocholesterol and two of its stereoisomers, eptdi- 
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hydrocholesterol and qncoprosterol (and traces of coprosterol) After 
the mixture has been resolved into its components, epicoprosterol may 
be converted to coprosterol. Reduction of either of these through the 
stage of the chloride leads to the hydrocarbon coprostane (p. 1367). 
Similarly, from dihydrocholesterol and epfdihydrocholesterol, cholestane 
(p. 1367) is obtained. Oxidation of coprostane and of its stereoisomer 
cholestane with hot chromic acid gives, among other products, cholanic 
acid and aZZocholanic acid, respectively.^^ These two acids, the parent 
substances of the bile acids, can be obtained by appropriate treatment 
of cholic or a-hyodesoxycholic acid. I 

Conversely, cholanic acid may be converted, through the action of 
isopropylmagnesium bromide on its ester, to a ketone which on Clem-' 
mensen reduction gives coprostane.^^ The proof of the identity of the 
nuclei of the two series may be summarized as shown: 


Dihydrocholesterol Keduction Cholestane 

C,7H480 > C*7H48 

T 

Cholesterol 

Ca7H480 


I 

Eptcoprosterol 

C 27 H 48 O 

i 

Coprosterol 

C 587 H 48 O 


Reduction 

> Coprostane 

CJ 7 H 48 


CrO| 

Oxidation 


Hyodesoxycholic acid 
Ca4H4o02 

A2Zocholanic acid 

C24H4o02 


CrO| 

Oxidation 

< 

IsopropylMgBr 

and 

reduction 


Cholanic acid 

C24H4oOi 


Cholic acid V>o- d»t. Cholatrienic acid 

Cj 4H4(|0| — 3HlO Cl4Ht40| 

Dehydrogenation Products. The initial experiments in which 
cholesterol and cholic acid were dehydrogenated were conducted by 
Diels.^* With palladized charcoal at ca. 500°, the identifiable product 
from cholesterol was chrysene, CibHi 2 . With cholesteiyl chloride at 
340-360® and with selenium in place of palladized charcoal, two hydro- 
carbons, CisHie and C 25 H 24 , were obtained. The latter gave reactions 
su^estive of a fiuorene nucleus and was thou^t at the time to indicate 

** Windaus, Ber., 49, 1724 (1916). See p. 1374 for formulae. 

u Windans and Neukirchen, Ber., 99 , 1916 (1919). 

** Wieland and Jacoln, Ber., 69 , 2064 (1926), 

^ Diela and 06dke, Ber., 60 , 140 (1927) ; Dids, Gftdke, and KOrding, Ann., 480 , 1 
( 1927 ); Diela and Karatena, Ann., 478 , 129 (1930). 
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that ring IV of the old cholesterol formula (IIo) was five-membered. 
Aft^ Rosenheim and King had pointed out the dgnificance of chrysene, 
interest in the dehydrogenation products revived, centering especially 
on the compound CisHie. Since different workers could not agree on 
the nature of this hydrocarbon, or even on the production of chrysene, 
a polemical situation developed which has led to a reasonably accurate 
knowledge of what happens under the drastic conditions of selenium 
dehydrogenation." 

Diels and Ruzicka"^ in particular have examined the nature 
of the products obtained by dehydrogenation. Cholesterol at 300-360“ 
gives Diels’ hydrocarbon and another hydrocarbon, C 26 H 24 , which, 
though not identical with the hydrocarbon of structure V, seems to be 
closely allied with it."** * 



Cholic acid (or its dehydration product, cholatrienic acid), when 
subjected to selenium dehydrogenation, gives a variety of products, 
depending on the temperature at which the dehydrogenation is con- 
ducted. At lower temperatures (360“), Diels’ hydrocarbon and a second 
hydrocarbon, which was first reported to be C 21 H 16 , are formed. Cook‘* 
suggested that the composition of this second hydrocarbon mi^t be 

(a) Cook and Hewett, J. Soc. Chem, Ind,, 62 , 451 (1933) ; Cook, Hewett, Masmeord? 
and Roe, J. Chem, 5oc.. 1727 (1934). (b) Diels, Bcr., 66, 487, 1122 (1933); Diels and 
Klare, Bsr., 67 , 113 (1934) ; Diels and Stephan, Ann., 627 , 279 (1937). (c) Gamble, 

Kon, and Saunders, J. Chem, Soc., 644 (1935). (d) Raudnitz, PetiS, and Stadler, Ber., 
66 , 879 (1933) . (c) Rosenheim and King, J. Soc. Chem. Ind., 62 , 299 (1933) . (/) Rusicka, 
Goldberg, and Thomann, Helv, Chim. Acta, 16 , 812 (1933) ; Ruzicka, Thomann, Branden- 
berger, Furter, and Goldberg, ibid., 17 , 200 (1934) ; Ruzicka and Goldberg, ibid., 18 , 434 
(1935) ; 20 , 1245 (1937). (g) Schlenk, Bergmann, and Bergmann, J. Soc. Chem. Ind., 
62 , 209 (1933). 

* With the congeners of cholesterol, such as ergosterol and sitosterol, there is a differ- 
ence of opinion about the formation of C35H24* Ruzicka finds that hydrocarbons of a 
carbon content greater than Cgs are produced from these sterols, but Diels has been able 
to obtain only C 2 fiH 24 , although he admits that small amounts of other hsTdrocarbons may 
be formed. Differences in temperature may be the explanation of the discrepancies in the 
results of the two workers. The solution of the problem of the products of dehydrogena- 
tion is rendered difficult by the fact that the yield of each hydrocarbon is less than 1 per 
cent. 

Cook, Dansi, Hewett, Iball, Mayneord, and RoOt J • Chem. Soc., 1319 (1935) ; Bach* 
mann. Cook, Hewett, and Iball, ibid., 64 (1936). 
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C22H16, rather than C21H16; and has proved his point by the [^thesis 
of 5-methyl-2',l'-naphtho-l,2-fluorene (VI), which agrees well with the 
product obtained by Ruzicka. At temperatures of 400® or higher, 
chrysene (VII) and picene (VIII) are formed. Ruzicka has suggested 
the following mechanism for their formation: chrysene results from the 
union of the angular methyl group at C13 with an opened ring D; picene 
from an analogous type of ring enlargement with simultaneous ring for- 
mation involving the side chain. 

The structure of Diels' hydrocarbon as 3'-methyl-l,2-cyclopentenoT 
phenanthrene, CigHie (IV), has been definitely established througlji 
two syntheses. By the first of these,^^ 2-acetylphenanthrene is con- 



. , VI. Si^Mcthyl vn. Chrysene VIII. Picene 

1, •naplitho>l,2<flnorene 


densed with bromoacetic ester, the product (IX) hydrolyzed, reduced, 
and converted through the acid chloride to the cyclic ketone X; 
Clemmensen reduction of the ketone ^ves Diels’ hydrocarbon. In the 
second synlbesis,^* /3-(l-naphthyl)-ethylmagnesiuin bromide is reacted 

Bergmann and Hillemann, Ber,, 66, 1302 (1933) ; Hillemann, Rcr., 68, 102 (1036) 
66 , 2610 (1936) ; d. Diels and Rickert, Ber., 68, 326 (1936). 

^ Haiper, Eon, and Ruzicka, J, Chem. 8oe.t 124 (1934). 
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with 2,5-dimethylcyclopentanone to pve an alcohol (XI) which after 
dehydration with phosphorus pentoxide is cyclized to yield the hydro- 
carbon XII. Selenium dehydrogenation of XII pves 3 -methyl-1,2- 



Diels’ hydrocarbon 




cyclopentenophenanthrene. Identification of the end product with the 
sterol hydrocarbon had to be made by an elaborate series of physical 
measurements, as well as by means of the picrate and other addition 
products, because the hydrocarbon does not give melting-point depres- 
sion when mixed with structurally similar compounds. Diels^ hydro- 
carbon as obtained from sterols by dehydrogenation has a magnificent 
blue fluorescence, which is absent in the S3mthetic product. Both prepa- 
rations react with bromine to pve a well-defined tribromide,'® and 
with nitrous acid to form an isonitroso compound of uncertain structure. 
The characterization of this hydrocarbon is of great importance, for its 
formation by selenium dehydrogenation serves as one of the most con- 
venient ways of discovering new*^ members of the steroids. 

The ring enlargement that takes place with selenium dehydrogena- 
tion at temperatures above 400® has attracted some interest. Model 
experiments on the a- and jS-methyl- and ethyl-hydrindenes show that 
they undergo ring enlargement to produce naphthalene or methylnaph- 
thalene at temperatures of 450®, but not at lower temperatures.®® The 
absence of ring enlargement at lower temperatures has been confirmed 
by other model experiments on several related hydrindenes.®' Diels’ 

Diels and Riokert, Ber., 68, 267 (1936). 

Rusicka and Peyer, Helv, Chim, Acta, 18, 676 (1935). 

" Clemo and Dickenson, J. Chem. See., 736 (1935) ; Chuang, Ma, and Tien, Bsr., 
1946 (1935). 
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hydrocarbon, however, does not give chrysene when treated with 
sdenium or palladium at 450°. 

Methylcholantiirene. The formation of Diels’ hydrocarbon from 
the sterols and the bile acids suggests the nature of the nucleus, but 
the extremdy poor yields obtained by dehydrogenation weaken the 
proof that the nucleus is cgrclopentanoperhydrophenanthrene. Two of 
the bile acids, however, can be converted to methylcholanthrene in 
relatively good yield. Since the structure of methylcholanthrene can 
be established by degradation and by synthesis, this transformation 
materially strengthens the proof of the nature of the nucleus. j 

From cholic or desoxycholic acid, 12-ketocholanic acid (XIII) ilB 
obtained by methods which will be discussed later (p. 1363). Pyrolsrsis 
of the ketocholanic acid gives the hydrocarbon dehydronorcholene\ 
(XIV), and selenium dehydrogenation of the latter produces methyl-', 
cholanthrene in a yield of 30 per cent.®* On oxidative degradation 
methylcholanthrene is converted to 5,6-dimethyl-l,2-benzanthraquinone 
(XVI), which, in turn, is characterized by further oxidation to 1,2,5,&- 
anthraquinonetetracarboxylic acid.** In the synthesis** of methyl- 
cholanthrene a five-membered ring is formed on p-bromotoluene, giving 
a bromomethylhydrindene. The Grignard (p. 500) compound (XVIII) 
from this hydrindene is then reacted with o-naphthoyl chloride (XVII) 
to ^ve a ketone (XIX) which on psrrolysis yields methylcholanthrene. 
By this transformation and synthesis, not only is the presence of a five- 
membered ring in appropriate sequence to three six-membered rings 
shown, but the attachment of the principal side chain of the bile acids 
at Ci 7 is also established. 

Relationshqt of the Hydios^d Group and Double Bond in CholesteroL 
The hydroxyl group and the double bond in cholesterol (II) are the 
chief points of attack in its degradation. By examination of the oxida- 
tion products these two functions have been found to be present in two 
different rings in an a, 7 - 8 ystem, the hydroxyl group being located at 
Cs and the double bond at Cs : Ce. The evidence follows: 

1. Nitration of cholesteryl acetate yields a nitrocholesteryl acetate 
in which the nitro group is presumably attached at Ce.** Reduction 
of the nitro compound with zinc and acetic acid yields, with elimination 
of the nitro group, 3-hydroxy-6-ketocholestane.** Oxidation of the latter 

** Cook and Hadewood, J. Chem. Soc., 428 (1034). 

** Wieland and Wiederaheim, Z. Chtm., US, 220 (1030) ; Widand and Dan^ 

(bid., SIO, 240 (1033); Cook and Haalewood, J. Soc. Chem. Ind., BS, 768 (1033); Cook, 
Hearett, and Hadewo^, ibid., BS, 040 (1033). 

** FiaMsr and SeUgman, J. Am. Chem. Soe., B7, 228, 042 (1036). 

** Mauthner and Suida, Monateh., U, 86 (1804 ) ; M, 648 (1003). 

**y(1ndau8, Ser., SB, 3762 (1003). 
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^ves rise through the stages of cholestanedione (XXIII) and a ketodi- 
carbo>^Iic acid to the tetracarboxylic acid (XX).® In tMs degradation, 
ring A is opened first and then ring B. By a somewhat different pro- 
cedure — conversion of cholestanonol to dilorocholestanone — ^ring B may 



xvn xrs xvi 

a'lTffphCboyl chloride 6.6-l>imeth7l- 

UB* bensanthraqulnone 


be opened first and then ring With either procedure the same tetra- 
carboxylic acid (XX) results. Assuming that no rearrangements occur, 
the above transformations indicate that the hydroxyl group and the 
double bond are contained in separate rings. 

2 . Oxidation of cholesterol by potassium permanganate, hydrogen 
peroxide, or perbenzoic acid yields two isomeric cholestanetriols, 
C27H48O3 (XXI),* which on further oxidation give two isomeric hydroxy- 
diketones, C27H44O3 (XXII) .2® Dehydration and reduction convert 
both these ketones to the same cholestanedione (XXIII). The proper- 
ties of this dione are those of a 7-diketone. It reacts with hydrazine to 

WindauB and v. Staden, Ber,^ 54, 1069 (1921). 

WindauB and Stein, Ber., 37, 3699 (1904). 

* Permanganate producee a cm, hydrogen peroxide a tram, configuration. Cf. SlliB 
and Petrow, J, Chem. Soe,, 1078 (1939). 

•• WindaUB, Ber., 40 , 267 (1907); Pickard and YateB, J. Chem. Soe., 93 , 1678 (1908),* 
WeBtphalen, Bcr., 48 , 1064 (1916) ; Criegee, Ber., 65 , 1770 (1932). 
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form a pyridazine;*®* the ketodicarboxylic acid formed from the dike- 
tone by oxidation is very stable and definitely not a jS-keto acid, since 
the corresponding hydroxy acid obtained by reduction of the carbonyl 



» WindauB, Ber., 89. 2249 (1906). 

* Aooording to the measurementB of Nolier. J, Am, Chem, Soe,, 61, 2976 (1939), this 
pSrridaBine has a molecular weight Beveral times that of theory and may well be a linear 
polymer. Bundan, Bar., 78. 922 (1940). has repeated Noller*B work and finds a molecular 
wdght of 1.25-1.5 times theory. These contradictory claims somewhat weaken the 
argument from pyridasine formation that cholestanedione is a Y-diketone. 
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group readily lactonizes.*^ These reactions show that the hydroxyl and 
double bond form an a, 7-system. 

3 . Cholestenone (XXIV) is formed from cholesterol by the action of 
copper oxide at 290 ® ; *2 better, by cold, two-phase oxidation of cholesterol 
dibromide followed by debromination with zinc®® or sodium iodide; ®^ and 
best by treatment of cholesterol with aluminum tertiary alkoxides in the 
presence of a large excess of a ketone like acetone.®® Cholestenone has 
an absorption spectrum (max. 240 m^) which indicates that the carbonyl 
group and double bond fonn a conjugated system.®® When choles- 
tenone is oxidized with ozone or potassium permanganate, two products 
result: an acid of composition C27H44O4 (XXV), and, as the principal 
product, a keto acid, C26H44O3 (XXVI), formed with the loss of carbon 
dioxide.®^ The production of these two acids is satisfactorily explained 
only if a structure with the carbonyl and the double bond in the same 
ring is assigned to cholestenone.®® It is evident, then, that cholestenone 
is formed from cholesterol by oxidation of the hydroxyl to a carbonyl 
group and a shift of the double bond from one ring to another. A 
rearrangement of the double bond attached to a carbon atom (C5) com- 
mon to both rings offers the simplest explanation of the transformation. 

4 . Reduction of the carbonyl group of the keto acid C26H44O3 
(XXVI) by the Clemmenscn method gives the acid C26H46O2 (XXVII). 
This acid may be degraded stepwise by a method (Barbier-Wieland 
degradation) that in effect counts the methylene groups following a car- 
boxyl group.* The steps involved are: 

R— CHir-C 02 Et R— CH*— (>=(R')r-^^ 


OH 

-H*0 


I — > R — CO2H 


R— C=C=(R')2 

I 

H 


Os or 
CrOs 


Windaus and Hossfeld, Z. physioL Chem,^ 145, 177 (1925). 

** Diels and Abderhalden, Bcr., S7, 3092 (1904) ; Windaus. Ber., 89, 618 (1906). 

»» Windaus, Ber., 39 , 618 (1906) ; Ruzicka. Briingger, Eichenberger. and Meyer, Helv. 
Chim. Acta, 17, 1407 (1934). 

Schoenheimer, J, Biol. Chem., 110, 461 (1935). 

Oppenauer, Bee, trav. chim., 66 , 137 (1937). 

»• Mensohick, Page, and Bossert. Ann., 496 , 226 (1932) ; Mobler, Heto. Chim. Acta, 90 . 
289 (1937). 

»» LettrO, Z. phyciol. Chem., 991 . 73 (1933). 

» Bonstedt, ibid., 814 , 173 (1933) ; cf. reference 39. 

♦ This method of degradation was originaUy developed l^y Barbier and Loequin, 
Compt. rend., 166 , 1443 (1913), as a general process for degrading acids. It was later 
employed by Wieland, e.g.. Wieland, Schlichting, and Jacobi, reference 46, but apparently 
Without knowledge of Barbier’s earUer work. Although the method is usually referred to 
as the Wieland degradation, it seems more appropriate to designate it as the Barbier- 
Wieland degradation. 
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By this means the amd XXVII aft^ two degradations sdelds tibe acid 
C24H4202 (XXVIII), which cannot be degraded further;*' thus, two 
methylene groups are disposed. The product (XXVIII) srields carbon 
monoxide easily when heated with concentrated sulfuric acid, and forms 
esters with difficulty; this indicates that the carboxyl group is attached 
to a quaternary carbon. Since the carboxyl group of the keto add 
(XXVI) originated from the carbonyl of cholestenone, the podtion of 
the hydroxyl group of cholesterol is placed as bdng three carbons re- 
moved from this quaternary carbon, i.e., at C 3 . 

The Size of Rings A and B. The size of rings A and B has been 
determined by examination of the dicarboxylic acids produced by 
opening each ring separately. According to Blanc’s rule," when dicaiv 
boxylic adds are heated with acetic anhydride and distilled, or dmply 
distilled (thermal decomposition), ketones result from 1,6- or 1,7-dicar- 
boxylic adds while 1,4- mid 1,5-diadds produce anhydrides. 

Dihydrocholesterol (XXIX), the product of catalytic hydrogenation 
of cholesterol at room temperature, is readily ondized to a dicarboxylic 



*• TadMMShe, Ann., 4M, 186 (im). 

Blanc. BuB. Me. cMm., (8] SS, 883 0806). 
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acid, C27H4SO4 (XXX). When subjected to thermal decomposition, 
the latter yields, 'with loss of water and carbon dioxide, a oydic ketone, 
C2eH440 (XXXI). This ketone on oxidation gives rise to another 
dicarboxylic add, C2eH4404 (XXXII), but from this diadd the acetic 
anhydride treatment produces an add anhydride and not a ketone.*^ 
Bing A, which is opened in the oxidation, is clearly six-membered. 

When the ring containing the double bond is opened in a similar 
manner, somewhat different results are obtained.^ Cholesterol is con- 
verted to cholestene (XXXIII) by reducing diolesteryl chloride with 
sodium and amyl alcohol. Nitration and reduction form a ketone, 
heterocholestanone (XXXIV), which, on oxidation, is converted into a 
dicarboxylic acid, C27H46O4 (XXXV); but when this dicarboxylic add 
is subjected to thermal decomposition, it forms an anhydride and not a 
ketone. The formation of the anhydride from the diadd was inter- 
preted for many years as proof that ring B was a five-membered ring 
(structure Ila, ring II). Reexamination of the dtuation has disclosed a 
number of loopholes. In the first place, it has been shown that sub- 
stituted adipic adds do not always behave as might be expected; ^ and, 
secondly, Stange ^ has found that the barium salt of the diadd (XXXV) 
does form a ketone. The discrepancy between fact and theory in this 
case has led Wieland and Dane to modify Blanc’s rule (pp. 81 , 1358 ) to 
apply only to those compounds in which the carboxyl groups are attached 
to the same ring; for example, the dicarboxylic adds formed by opening 
rings B and C (see structure 1 ) would be expected to behave anomalously.®' 

From another series of reactions supplementary evidence as to the 
nature of ring B may be obtained.®® Oxidation of cholesterol 'with 
h3TK)bromite converts it to an unsaturated dicarboxylic add, C27H44O4 
(XXXVI, Diels’ acid), which may be progressively oxidized throu^ a 
keto diadd (XXXVII), a diketo triadd (XXXVIII), to a tricarboxylic 
add, C25H42O6 (XXXIX). When subjected to thermal decomposition 
the tricarboxylic add loses carbon dioxide and water and forma a keto- 
monocarboxylic acid, C24H40O8 (XL). Opening of the newly formed 

Windaus and Dalmer, Ber,, 162 (1919) ; Windaus, Roaenbach, and Riemann, 
Z, physiol Chem,, ISO, 113 (1923). 

^ Windaus and Dalmer, reference 41 ; Windaus, Ber., 53, 488 (1920). 

** Fanner Rracoveki, Chetn^ Soc*i 680 (1927). Pf* Hill, J, Am* Ohom* Soo*f 63 , 
4110 (1930). 

** Stange, Z* physiol Chem., 318 , 74 (1933), 

* Model studies on four of the six theoretically possible perhydrodiphenic adds by 
Vocke, Ann,, 608 , 1 (1934), tf. Hllckd, ibid,, 608 , 10 (1934), and by Xinstead and Walpole. 
J, dUm* 8oc., 860 (1939), do not clarify the situation, since all fhe adds yield anhydrides, 
and three give cyclic ketones. The spatial configuration of the carboxyl groups is perhaps 
the dedding factor [Rusicka, Furter, and Thoimann, Heh, Chim* AcUl, 16, 327 (1933)]. 

** Diels a nd A b der ha ld<in^ Ber*, 86, 3179 (1903) ; Windaus, Bsr*, 41, 611, 2558 (1908) ; 
43 , 3770 (1909) ; 46 , 1316, 2421 (1912). 
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ring by oxidation gives a tricarboxylic acid, C24H40O6 (XLI). This acid 
likewise forms a keto acid (XLII) when treated with acetic anhydride, 
thus demonstrating a 1,6-dicarboxylic acid. Since in the transformation 
to the tricarboxylic acid (XLI) three carbon atoms are lost as carbon 
dioxide, and the end product can be converted to a keto acid, both rings 
A and B must have been six-membered. 

The Size of Ring D. Dehydration of any of the bile acids is readily 
effected by distillation in high vacuum. The resulting unsaturated 



XXXVI xxxvn 

Diels* acid Oxo-Diels* acid 




XL XXJ XLII 


(XLni). By means of the Barbier-Wieland degradation and oxidation, 
cholanic add can be degraded stepwise" through the following stages: 
cholanic add (C24) -* norcholanic add (C23) bisnorcholanic add 
(C33, XLTV) — »etiocbolyl methyl ketone* (€21, XLV) etiocholanic 

^ Wieland, Sehlichting, and Jacobi, Z, physiol, Chem., 161, 80 (1926). 

♦ Ettocholyl methyl ketone was not obtained by Wieland by degradation but /ui a 
by'^produet from the oxidation mixtures of the previous steps. Bisnorcholanic acids have 
bee«i degraded to etiocholyl methyl ketones by a number of other workers, however. See 
Shimisu and Kazuno, Z. physiol, Chem.t S44, 167 (1036), and Morsman, Steiger, and 
Reielistein, Beh, Chim, Asia, SO, 1 {1937). The data of Reichstein show that 100 g. of 
eludie acid yields about 40 g. of norcholic aetd and, by succeeding degradation, 10 g. of 
bisnorcholic acid and 1.6 g. of trihydroxyetibcholyl methyl ketone. 
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acid (C 2 o> XLVI) etiocholanone (Ci®, XLVII) — ► etiobilianic acid 
(Ci9, XLVIII, a dicarboxylic acid). These reactions demonstrate the 

CHs 

presence of a side chain, — CH — GHz — CHa — CO2H, attached to a ring. 


21 



The transformation of etiocholanone to etiobilianic acid without loss of 
carbon shows that this attachment is through a tertiary carbon, and that 
adjacent to the tertiary carbon there is a methylene group. Thermal 
decomposition of the end product of oxidation, etiobilianic acid, gives 
an acid anhydride and not a ketone. Since the ring is opened without 
loss of carbon, and with the production of an acid that braves like 
glutaric acid, a five-membered ring is indicated. Because of the failure 
of Blanc's rule, the formation of an anhydride is not adequate proof 
that ring D is five-membered. When the evidence from the dehydro- 
genation experiments, particularly the formation of methylcholanthrene, 
is added to this degradation, the proof is convincing. 

The Degradation of Lithocholic Acid. When lithocholic acid 
(XLIX), 3(a)-hydroxycholanic acid, is oxidized with nitric acid, the 
ring bearing the hydroxyl group is opened to give two isomeric tricar- 
boxylic acids, lithobilianic (L) and isolithobilianic (LI) acids, formed 
by the rupture of bonds on different sides of the hydroxyl group.*’' 
These two acids are identical with a pair formed by stepwise oxidation 
of coprosterol. In the first step, ring A is opened with the formation of 
two dicarboxylic acids, one of which is less soluble than the other. 
Further oxidation removes the isopropyl group of the isodctyl side chain, 

^ Widaad W^landt Z, physiol. Chsm,, 110, 123 (1920). 
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with the production of lithobilianic add from the less soluble dicarboxylic 
add and isolithobilianic acid from the other add." As would be ex- 
pected, thermal and oxidative degradation proceed through stages 
analogous to those described for cholesterol (XXXVI-XLII). The trans- 
formation is summarized in structures UI-LV. The end product, the 



CB, 


U. UoUthoblUanlo add 




I.II 



tetraoaiboxylic add, C21H82O8 (LV), is identical with an add obtained 
by Windaus " frran the oxidation of the tricarboxylic add (XLI) formed 
in the d^radation of cholesterol. Thermal decompodtion of LV 

.'‘i* laacor, Oid., 8U, 189 (1983). Cf. Wiadaiw and Rieinaim, ibid^ UM, 277 (1923). 

> « <y. Widwnd. Daafl, and Scluda, Oid., SU, 261 (1932). 
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produces a pyroketodicarboxylic acid (LYI), thus shoTving the presence 
of an adipic add system. This keto add, when oxidised, passes through 
the stage of a malonio acid to a tricarboxylic add (LVII) from which 
only an anhydride can be formed. The end product must contain a 
glutaric add system, while the malonic add from which it was formed 
demonstrates a branching of the chain. On inspection it is apparent 
that the branching takes place at the quaternary carbon atom diagnosed 
in the degradation of cholestenone. Production of the ketodicarboxylic 
add (LVl) constitutes further proof that ring B is six-m^mbered, for 
otherwise anhydride formation would occxu*. 

The Degradation of Desoxycholic Add. Chromic add oxidation 
in the cold of desoxycholic add (LVIII) converts it to the corresponding 
diketo add, dehydrodesoxycholic acid (LIX); further oxidation by 
means of nitric add opens up one ring to form desoxybUianic acid, a 
ketotricarboxylic acid (LX), which by Wolff-Kishner reduction"' is con- 
verted to lithobilianic add (L).*® One of the hydroxyl groups of deso3^- “ 
cholic acid must, therefore, be attached at C3 as in lithocholic add 
and cholesterol. If dehydrodesoxycholic add (LIX) is treated with 
zinc and alcoholic hydrochloric acid, the 3-carbonyl group is reduced 
to methylene, with the formation of 12-ketocholanic add (XIII), which 
is resistant to nitric acid oxidation. By bromination and subsequent 
hydrolysis, an hydroxyl group may be introduced on a carbon adjacent 
to the carbonyl. The resulting hydroxyketone is readily oxidized with 
loss of carbon to a ketodicarboxylic acid (LXIII). Repetition of this 
process gives rise to a ketotricarboxylic add (LXVI) and finally to 
the add CisHaoOe (LXVIII).®® The other fragment (LXVII) has not 
been isolated. The structure of the important triadd, CiaHaoOe 
(LXVIII), follows from another oxidative procedure. 

The Structure of Acid CisHtoO*. When desoxycholic add is acted 
upon by a mixture of concentrated nitric and sulfuric adds (mixed 
acids) in the cold, it passes throu^ the stage of a diketodicarboxylic 
acid (LXIX) to give a tetrabadc add, CteH2408 (LXXI), and 1,3,3- 
butanetricarboxylic add (LXX) as a by-product. Thermal decomposd- 
tion of the tetrabasic add (LXXI) &ves in low yidd a psrroketodicar- 
boxylic add (LXXII) which on oxidation is converted through a 
malonic add (LXXIII) to the acid CisHzoOe.^ Clemmensen reduction 
(p. 644) of the pyroketone (LXXII) transforms it into a dicarboxylio 
add. The diester of this ^carboxylic add reacts with phenylmag- 

* WdS-Kishner reduction: The reduction of a earbonjd Sroup to rnetiijrie&e fay heating 
the hydraione or eemicarbasone with sodium ethylate in ethyl alcolud at oe. 180^ (p. 644). 

®® Wieland TriiTil A nTrum pff, Z, physiol* IO 81 296 (1920). 

** Wieland and ibid., 184, 276 (1924) ; Wieland and Vocfce, ibid,, 177, 68 

(1929). 
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nesium bromide in such a way that but one ester group is con- 
verted to a carbinol. Barbier-Wieland degradation of the carbinol 



ITmi. Deaoxycbollc acid LIX. DehydrodesoxychoUc acid CX. DeBOxybillanlc acid 



i Wolfl'Kiahner 
tcductloa 

lifhobilianic acid 
(L) 



XinjO-Ketocholatiic acid LXX IXQ 




shows tiiat Ibe reactive carboethoxy group is present in the side chain 
CH, 


— CH — CH* — CHs — COjH, found in desoxycholic acid.^ This mde 
chain must also be present in the acid CisHsoOe- Since the side chain 
te known to be attached to a five-membered ring, and three carboxyl 
groi^ may be detected by titration, only the fragment — CHs remains 
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to be placed. That this fragment is a methyl group attached at C13 
follows from an ingenious argument of Wieland and Dane.*® 

The acid Ci3H2o06 (LXVIII) readily forms an anhydride; saponifica- 
tion of the anhydride does not produce the original acid, but an isomer 
which has a lower melting point and greater solubility. Evidently a 
rearrangement from a trans to a cis form occurs, and if LXVIII has a 
trans structure, then the acid C16H24O8 (LXXI) must have a trans 
structure. The low yield of pyroketone (LXXII) is thus accounted for, 
and an interesting question of isomerism is raised, for the ketone is evi- 
dently a decalin-like compound containing two cyclopentane rings in 
the trans position. Such a system has not been investigated, but accord- 
ing to Hiickel®® the cis form should bo strain-free, while the trans 
modification should exhibit a moderate degree of strain (p. 114 ). The 
investigations of Windaus^ have shown that when a five-membered ring 




LXXI. Tetracarboxyllc LXXILP^kete- 

acld, OjgH^Og dlcarboxyllo add 



is formed on a cyclohexane ring by thermal decomposition of dicarboxylic 
acids a cis form results, and in no case where attachment is through a 
secondary ring carbon is the trans form produced. In the formation of 
the pyroketone, however, the trans configuration per^ts unchanged, 
rearrangement being prevented through the influence of some other 
group. A methyl group attached at C13 would exert such an influence, 
while if it were attached at Cu it would not prevent rearrangement. 


•• Wieland and Dane, ibid,, 216, 91 (1933). 

*• HUckd, “TheoretiBche Grundlagen der organischen Chemie,** Akademisohe Verlags* 
gesellBchaft, Leipzig (1934), 2nd ed., Vol. I, p. 63. 

** Windaus, Hlickel. and Reverey, Ber., 66, 91 (1923) ; Windaua, Ann., 447, 233 (1926) 
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Hie production (LVIII-LXVIII) of the acid Ci3H2oOe constitutes a 
proof that the second hydroxyl of desoxycholic acid is attached at C12. 
Since the demonstrable five-membered ring comes through the oxidation 
unscathed, the second hydroxyl could not have been attached to it. 
Examination of tiie other dihydroxycholanic acids excludes the possi- 
bility of attachnmnt to ring B. In ring C only two positions, Cn and Ci2> 
can be considered, and only the latter is compatible with the behavior on 
bromination. For example, if XllI were 11 -ketocholanic acid, the 
result of the first bromination (LXI-LXII) would be a tricarboxylic , 
acid. I 

The other method (LXIX-LXXIII) of producing the acid C13H20O6, ' 
though not affording as good direct evidence, serves as supplementary 
proof. If LXIX were an 11-keto compoimd, a — CH2 — CO3H group 
would be formed on C13 as one of several products of the oxidation. 
Actually the oxidation proceeds in relatively good yield to form acid 
C16H24O8, and the behavior of this acid is such that other structures 
cannot be considered; the formation of the malonic add LXXIII, for 
example, confirms the branching of the chain at Cg. 

The Side Chains. The point of attachment, C17, of the prindpal 
dde chain to the nucleus was suggested from x-ray and surface-film 
measurements (pp. 1348 , 1762 ),* and confirmed by the formation of 
methylcholanthrene from 12 -ketocholanic add.** The evidence on 
this point has been discussed and may be regarded as satisfactory. 

After providing for the carbon and hydrogen requirements of the 
nudeus and the side chain of the sterols and bile adds, there remain two 
carbons and dx hydrogens to be attached. These have been placed as 
methyl groups at Cio nud C13. The evidence indicating attachment of 
one of these at C13 is given above. For some time certain of the English 
school of investigators favored attachment at C14 rather than at C13, 
since such a structure fitted in with a postulated biolo^cal formation 
of cholesterol from isoprene units (p. 72 ).“ The argument collapsed, 
however, when applied to ergosterol and to stigmasterol, which are alkyl- 
ated at C24, and the position at C14 is no longer seriously conddered. 

Procff t^t the second methyl group is attached at Cio is much more 
direct. The by-product of the nitric add oxidation of desoxycholic 
add, the tricarboxylic add C7HioO« (LXX), loses carbon dioxide when 
heated and forms ot-methylglutaric add. 'Vi^th this as a due, syntheds 
has established the structure of LXX as 1,3,3-butanetricarboxylic add.* 
The formation of this add shows the presence of a quaternary carbon 
atcmr bearing a methyl group. Since Cio is known to be quaternary from 
the degradation of cholestenone, the proof of the attachmait of a 
^ Ssrmpoiiam on StMl Struotiuo, /. Sot. Chem. Jnd.^ 10 (1033). 
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methyl group at this point seems to be conclusive, for the tricarboxylic 
acid must result from rings A and B in the oxidation of desoxycholio 
add. 

Stereodiemistiy * 

In cholestane (LXXIV), the parent hydrocarbon of cholesterol and 
dihydrocholesterol, there are centers of asymmetry at Cs, Cg, C 9 , Cio, 
Ci 3 , Ci 4 , Ci 7 , and C 20 . The number of possible stereoisomers is accord- 
ingly 2 ^, or 256. With an hydroxyl group at Cg the possible isomers 
are increased to 512. Coprostane (LXXY) is one of the stereoisomers of 
cholestane, differing only in the spatial arrangement of the C 5 — 
Nearly all the members of the cyclopentanoperhydroph^ianthrene 


21 

CHa 


26 

^CH, 




group are derivatives of these two hydrocarbons, and it would be 
valuable to have precise structures for both. Unfortunately, it is pos- 
dble to portray only the probable structures and to indicate the inte^ 
rdationship. 

• The ■everal eqiecte of stereooheimetry are oonaidered ia CSuqiiter 4, p. 832. 
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The space models for the cholestane type (Fig. 1) and the coprostane 
type (Fig. 2) are suggested by similar representations by Ruzicka.^® 
The models are built up from the assumption that the Cio — CH3 (R) 
group in both structures projects out from the plane of the paper. The 
size of the balls does not show the probable atomic size^ nor are the 
interatomic distances correctly represented; besides these defects, the 
position in space of the angular substituents and the relationship of 
one portion of the molecule to another may be entirely different from 
those shown. Nevertheless, the models are helpful in understanding the 
adjustments that probably occur in the change from one type to the 
other. Assuming that the Cio — CH3 comes forward, then in the choles- 
tane type the Cs — goes into the plane of the paper, and in the 



Fig. 2. — Coprostane type 


The illustrations are reproductions of space models of the two types. The posi- 
tion in space of the atoms is shown by the size and the shading of the balls that are 
used to represent the various atoms or groups. The atoms nearest the eye are shown 
by the largest balls, and, where these represent carbon atoms, by full intensity of 
black. The atoms in planes below this are represented by smaller balls and by 
decreased intensity of black. The circles marked represent any group attached 
at Cj. 

coprostane type it comes out from the plane of the paper. The spatial 
adjustments in the configuration of rings A and B are such that in 
cholestane these two rings are ^‘chair types”; in coprostane, ^^saddle 

** Ruzioka, Furter, and Thomann, Helv, Chim, Acta, 16, 331 (1933). 
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types’' (p. 114), From the models it can be seen that a substituent at C 3 
does not occupy exactly the same relative position either to the C 5 — or 
to the Cio — CH 3 in both types. Aside from these differences the two 
molecules appear to be the same. The evidence presented below does 
not disclose any discrepancies in these representations, but the methods 
used to obtain it are not completely satisfactory. 

For representations on a plane surface, dotted and solid lines are 
employed to indicate the spatial configuration. As has been mentioned 
previously, the dotted lines indicate bonds going into the plane of the 
paper; the solid lines, bonds lying in or coming out of the plane of the 
paper. The use of such lines (as is shown in structures LXXIVa and 
LXXVa) for an entire structure is cumbersome, and in practice only 
selected portions of the molecule are so represented. The method has 
the disadvantage that a solid line is the normal way of representing 
a linkage, and where the spatial configuration is unknown the implied 
structure may be erroneous. 

Spatial Isomerism of the Nuclear Rings. The experimental evi- 
dence in support of the structures of cholestane and coprostane has 
been obtained largely from the chemical behavior of degradation 
products of the bile acids and from physical measurements on the 
hydrocarbons themselves. 

Rings A/B. Windaus®’ has studied the behavior of the four litho- 
bilianic acids when subjected to thermal decomposition. Lithobilianic 
acid (L) and aiZolithobilianic acid (LXXVI) give the same pyro acid 
(LII); isolithobilianic acid (LI) and aZZoisolithobilianic acid (LXXVII) 
give two different pyro acids, LXXVIII and LXXIX. Clemmensen 
reduction of pyrolithobilianic acid and of pyroisolithobilianic acid ^ves 
the same desoxo compound (LXXX).* Lithobilianic acid and isolitho- 
bilianic acid must have the Cs — and the Cio — CH 3 in the same 
relationship, since both are produced from lithocholic acid and both 
can be transformed to the same end product. AZZolithobilianic acid and 
aZZoisolithobilianic acid give different pyro acids and desoxopyro acids. 
Obviously, aZZolithobilianic acid must have undergone a rearrangement 
in the thermal treatment, and the same arguments apply here as were 
used previously in the case of the acid C 13 H 20 O 6 (LXVlII) (p. 1363), 
that a rearrangement from a irans to a cis structure occurs. Since the 
lithobilianic acids may be regarded as degradation products of cop- 
rostane in which ring A has been opened, and the aZZolithobilianic acids 

Windaus, Ann,, 447, 240 (1926), and reference 54. 

♦Alfolithol^ianic acid and ofZoisolithobilianic acid may be prepared from hyodesozy- 
cholic (8,6-dihydroxycholanic) acid or from cholesterol. The transformation is discussed 
later (p. 1420). 
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Mark^,*^ however, has pdnted out that these geuerailizatioiui do not 
apply to 3 -ketocoprostane itself, and argues that the substituent at C17 
influences the eourse of oxidation and of substitution reactions on 
ring A.* 

Rings B/C. The x-ray and surface-film measurements of Bernal ' 
show that the molecules of the sterols must be flat, as in paraffin hydro- 
oarbcHiB with methyl side chains. Models of the sterol molecules in 
which rings B/C are tram are flat, in agreement with the {dxysical 
measurements, while a ds structure at this point 9vee a bowed-in 
or condensed model. Another positive argument for such a configura- 
tion comes from the work of Wieland.® After 7,12-diketocholanic add 
is heated for ten hours with dilute alkali, it can be recovered unchanged. 
Since the neighboring center of asymmetry to C12 carries a methyl 
group, rearrangement at this point is impossible, and the absence of 
rearrangement must mean that the Cg — is in the stable tram configura- 
tion with respect to the C9 — ^H. This is in accord with Hiickel’s** 
experience that only cts-decalones rearrange into tram when treated 
with alkali. For convenience rather than with reason, the C 9 — is 
usually represented as being tram to the Cio — CHg, and the practice is 
frequently bulwarked by the argument of steric hindrance. 

Bings C/D, The behavior of the acid CigHgoOe (LXVIII) on thermal 
decomposition furnishes the evidence for a tram relationship of the 
Ci3 — CH3 and the Ch — ^H. f The structural representation of this 


04B[gC0sH 


HO. 


HOjC 



IXYin* ZVotM form 
of acid, 

111.P. 187®IaJp-27.8 


C4H*C0*H 

oVT 

LXXXl. Anhydride 


04Hg002£il> 

QH,| 



LXXXII. Oia form 
of add. 
jn.p, 


toansformation, which was not pven previously, is dted here. In the 
production of the anhydride LXXXI, a rearrar^ement occurs, and on 
saponification the lower-mdting cis form, LXXXII, of the acid results. 

Marker et al; J* Atn* Chem, Soc^t 3617 (1939). 

♦ The interpretation of the experimental evidence by Marker has been questioned by 
Spring, ilnn. Repts. Chem. Soc. (London), S7, footnote p. 368 (1940). 

Wieland and Wiedersheim, Z. phyeiol, Chem,, 186, 232 (1930). 

« Hhckel, Ann., 441 , 1 (1926). Cf. Windaus, Httckd, and Reverey; Ber., 56 , 91 (1923) ; 
Linstead and Meade, J. Chem. Soc., 936 (1934) ; Cook and linatead, ibid., 946 (1934) ; 
Barrett and Linstead, 436 (1936). 

t For a further argument indicating a tram configuration of nngs C/D, see footnote on 
p. 1408. 
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'fhe Side Chain at Cn. The ready formation of dehydronorcholene 
(XTV) from 12-ketocholamc acid (XIII) has been used by Wieland as 
an ailment that the side chain at C17 occupies a trans position with 
respect to the C13 — CH3. Consideration of space models hardly con- 
jfirms this contention, and Ruzicka ** has suggested that a cis configura- 
tion is a better representation. In Figs. 1 and 2, this side chain is 
shown in the cis configuration, but without convincing evidence the 
issue must be left open. 

Spatial Isomerism of the Hydroxyl Groups. In this discussion the 
spatial configurations of the hydroxyl groups are described by the 
prefixes a and following a convention introduced by Fieser.® A 
/3-configuration is taken as that of the C3 — OH of cholesterol, dihydro- 
cholesterol, etc., and an o-configuration as that of the same group in 
the bile acids. Hydroxyl groups located at other positions on the ring, 
and on the side chains, are similarly described by these prefixes. Pro- 
visionally a ring hydroxyl group with /3-configuration may be regarded 
as having a cis relationship to the nearest angular methyl group, and in 
accord with this is represented by a solid line. Conversely, an a-con- 
figuration may be regarded as trans to the reference point and is repre- 
sented by a broken line. The advantage of this terminology is apparent 
since it is not too definite and readily permits adjustment should later 
work show that the spatial relationships are other than those now 
implied. This terminology may be supplemented by another practice. 
The first member of the epimeric pair to be isolated or synthesized is 
regarded as having a normal (nr) structure, while the second, or unusual 
form, is described as an epi modification.® Thus, dihydrocholesterol 
may be described as 3(/3)-hydroxycholestane, and its epimer as cjjmU- 
hydrocholesterol, or 3(a)-hydroxycholestane. 

Ruzicka and co-workers use a somewhat different convention. Ac- 
cording to their practice, the spatial configuration of an hydroxyl group 
is described as c (ds) or t (trans) to the nearest center of asymmetry. An 
hydroxyl group at C3 is referred to the C5 — ^H, one at Cjr to the 
C18 — CHs, etc. This usage is somewhat unsatisfactory since in many of 
the steroid there is an ethenoid linkage at C5, and it is necessary to refer 
a C3 — OH to the Cs — ^H of the corresponding saturated compoimd. By 
this practice the hydroxyl group in both cholesterol and dihydrocholes- 
terol is described by Ruzicka as 3(0-hydroxy-, althou^ in choles- 

^ Rucicka, Goldberg, and Wirz, Heh. Chim, AiUa, 18, 61 (1935). 

•• Fieaer, “The Chemistry of Natural Products Related to Phenanthrene,” Reinhold 
Publishing Corp., New York (1937), 2nd ed., p. 399. 

^ C/. Butenandt and Muller, Ber,, 71, 191 (1938). 

^Rusicka et al., ffelv, Chim. Acta, 17, 1395, 1407 (1934); 18, 61 (1935); 19. 99. 842 
(1936); to, 1557 (1937); 21, 498 (1938). 
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terol the reference hydrogen at Cs is absent. Miescher and Fischer 
have suggested that this difiBculty may be surmounted by using the 
C 9 — as a reference point. 

The C 3 — OH. When a definite reference point is stated, certain 
general relationships should be inherent in the assigned structures. 
Unfortunately, the conclusions that are reached from most of ihe reac- 
tions of the C3 — OH are somewhat at variance with those arrived at in 
another way. This is brought out by considering the isomeric choles- 
tanols and coprosterols. 

Cataljrtic hydrogenation of cholesterol or cholestanone (LXXXIII) 
in neutral solvents gives dihydrocholesterol (cholestanol), while hydro- 
genation of cholestanone in acid media (acetic acid and hydrobromic 
acid, or butyl ether and hydrobromic acid) forms e 2 wdihydrocholesterol 
(LXXXIV).’^ Applying the rule of v. Auwers-Skita ^ that neutral me- 
dia favor the formation of trans modifications and that acid media lead to 
cis structures, dihydrocholestcrol is 3(^rans)-hydroxy, and epidihydro- 
cholesterol is 3(cis)-hydroxy with respect to the C 5 — On catalytic 
hydrogenation of cholestenone (XXIV) in neutral media, coprostanone 
(LXXXV) is formed,"^* apparently in violation of v. Auwers-Skita’s rule. 
Continued hydrogenation produces coprosterol (LXXXVI) in acid media 
and epicoprosterol (LXXXVII) in neutral media.’* From this mode of 
formation the relationship of the C3 — OH to the Cs — ^H appears to be cis 
in coprosterol and trans in cpicoprosterol. The conclusion seems war- 
ranted that dihydrocholesterol and epicoprosterol are transoid (lower 
energy content) while coprosterol and epidihydrocholesterol are cisoid 
(higher energy content).* 

In agreement with this conclusion, when the four sterols are epi- 
merized by heating in alcoholic solution at 180® with sodium ethoxide, or 
by refluxing with aluminum isopropoxide in xylene, the compounds 
which seem to have transoid nature predominate over the cisoid in a ratio 

•* Miescher and Fischer, J. Soc. Jnd., 58, 113 (1938). 

*• Bruce, Org, SyrUheaes, 17, 43 (1937), John Wiley & Sons, New York. 

Bruce and Ralls, Org, Syniheaea, 17, 45 (1937), John Wiley & Sons, New York. 

Vavon and Jakubowicz, BvU. aoc, chim,, 53, 681 (1933). 

V. Auwers, Ann,, 420, 91 (1920); Skita, Ber. 53, 1729 (1920). 

^’Grasshof, Z. phyaiol, Chem,, 225, 197 (1934); Ruzicka, BrOngger, Eichenberger, 
and Meyer, Heh, Chim, Acta, 17, 1407 (1934). Siunmary; Ruzicka, ibid., 19S, 94 
(1936). 

♦ Proof that the spatial configuration of the Cs— OH group in dihydrooholesterol is the 
same as in ooprosterol been furnished by Reichstein and Lardon, Blelv, Chim, Acta, 
24, 965 (1941). Catalytic hydrogenation of dehydroandrosterone acetate (p. 1603) in 
acetic acid with platinum as a catalyst gives the acetates of etioaZh>oholan-3(^)-ol-17-*one 
(predominantly) and of etiocholan-3(/3)-ol-17-one. The former is obtained also by chromic 
acid oxidation of dihydrocholesterol acetate, and the latter by oxidation of coprosterd 
acetate (cf, p. 1502). 
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of about 9 : Whec such au epimeric mixture is treated in alcoholic 
solution with the saponin digitonin (p. 1455), dihydrocholeaterol and 
coprosterol form insoluble addition compounds and the epimeric addition 




compounds remain in solution. If formation of an insoluble digitonide 
indicates a similarity of structure, it is difficult to reconcile this fact 
with the other reactions. Ruzicka,^* from a consideration of models 
buUt with Stuart atoms, offers the argument that the formation of an 
insolubte digitonide occurs mdien the hydroxyl group is unhindered and at 

Bsnieti* fieilbron, Jones, and Verrill, J, Chem, Boe^t 1390 (1940). Earlier referenees 
ar# clvrai In tiiis article. 

n VtaAAm, SWtor, mad Ooidbeix. B»h. CMm. Acta, tt. 498 (1988). 

"SliMrt. Z. phVMk. Chem,. X7B, 360 (1934). 
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the end of a long axis. Because of the uncertainty of arguments based on 
mechanical models, and especially on Stuart models, this contention is 
not wholly convincing. 

From the study of numerous epimeric alcohols among the steroids 
and among model compounds, it is evident that transoid forms undergo 
dehydration less readily than the cisoid, and that esters of the transoid 
alcohols are hydrolyzed more easily than those of the cisoid.*^® When the 
four saturated sterols are examined by these reactions, dihydrocholes- 
terol is dehydrated more easily than cpfdihydrocholesterol, but there are 
no satisfactory data on the behavior of the coprosterols. The esters of 
dihydrocholesterol are hydrolyzed more rapidly than those of apzdihy- 
drocholesterol, and the esters of eptcoprosterol are hydrolyzed somewhat 
more rapidly than those of coprosterol. 

Related both to ester formation and to digitonide formation is the be- 
havior of the stereoisomers in the ease of glucoside formation. Miescher 
concluded that glucoside formation occurs readily with dihydrocholes- 
terol and coprosterol but does not occur with the epimers. This apparent 
analogy to digitonide formation has been discredited by Linstead,^® who, 
using only dihydrocholesterol and apihydrocholesterol, showed that 
glucoside formation is equally rapid with both epimers. The glucosides 
from cpidihydrocholesterol are more soluble and are more difficult to iso- 
late, however, than those from dihydrocholesterol. 

W, Stoll has suggested another means of establishing an eyi con- 
figuration. The p-toluenesulfonates of the normal (jS) saturated sterols 
react slowly when boiled with methyl alcohol to form methyl ethers, but 
the p-toluenesulfonates of the epimers are converted into unsaturated 
compounds by the same treatment. It is difficult to evaluate this method 
because it has been applied to relatively few compounds. 

WaUm Irwerdm of the C3 — OH. When cholesterol (II) is treated 
with phosphorus jjentachloride or thionyl chloride, the hydroxyl is re- 
placed with chlorine. Subsequent regeneration of the hydroxyl by 
treatment of cholesteryl chloride with potassium acetate followed by 
saponification returns the original cholesterol. If, however, the choles- 
teryl chloride is catalytically hydrogenated and the chlorine then 
replaced with hydroxyl, cpidihydrocholesterol is obtained rather than 
dihydrocholesterol, and, obviously, at some stage of this transformation 
there is a Walden rearrangement about The two chlorinating 

” Cf. Marvel and Glass, J. Am. Chem. Soc., 60, 1061 (1938). 

^ Miescher and Fischer, Helv. Ckim. Acta^ 81, 336 (1938). 

Linstead, /. Am. Chem. 8oe., 68. 1766 (1940). 

Stoll, Z. physiol. Chem., 846, 1 (1937). 

« Marker, J. Am. Chem. Soc., 57, 1765 (1935) ; Marker, Whitmore, and Kamm, ibid. 
67, 2368 (1935). Cf. Bergmann, Helv. Chim. Acta, 80, 690 (1937). 
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reagents behave differently with dihydrocholesterol and its epimer. 
Phosphorus pentachloride with dihydrocholesterol gives the so-called 
/S-choIestyl chloride, m.p. 102®,“ but thionyl chloride produces 
a-cholestyl chloride, m.p. 112®.“ With eptdihydrocholesterol the two 
reagents produce the a- and )8-compounds, respectively. These trans- 
formations have been summarized by Marker^ as follows: 

PCIsorSOClj 

Cholesterol ^ Cholesteryl chloride 

KAo 

H* 

pels 

Dihydrocholesterol < ^ jS-Cholestyl chloride 

KAc 

CrO* socia 

then 

Hj 

_ 

Eptdihydrocholesterol ^ ^ a-Cholestyl chloride ^ 

KAo 

The uncertain nature of the changes that occur in the course of 
Walden inversion vitiate somewhat a proof that the C3 — OH of choles- 
terol is cis to the Cio — CH3.** By suitable transformations cholesterol 
can be converted to 3-hydroxycholestan-6-one (LXXXVIII), a com- 
pound which appears to be spatially similar to cholesterol since both 
form insoluble digitonides. Treatment with phosphorus pentachloride 
converts this keto alcohol to j8-3-chlorocholestan-6-one (LXXXIX), 
m.p. 180-181®. The isomeric a-3-chlorocholestan-6-one (XCII), m.p. 
128-129®, may be obtained from cholesteryl chloride by nitration (at Ce) 
followed by reduction with zinc and acetic acid. On oxidation with 
nitric acid both chloroketones are opened in ring B to' give chlorodicar- 
boxylic acids, which, by treatment with alkali, are converted to the 
respective 3-hydroxydicarboxylic acids. The hydroxydicarboxylic acid 
(XC) from the j8-3-chlorocholestanone forms a lactone, but the stereo- 
isomer (XCIII) does not. Since, by the Alder-Stein “ rule, lactone 
formation occurs only when hydroxyl and carboxyl groups are ds to each 
other, it follows that the C3 — OH of XC must be cis to the C5 — COOH 
and also to the Cio — ^CHs. If the assumption is made that Walden 
inversion has not occurred in the transformation LXXXVIII-XC, or 

“ Didia and Linn, Ber,, 41 , 548 (1908) ; Ruzicka, Goldberg, and Br&nnger, ffelv. Chim 
AtUi, 17, 1389 (1934). 

** Ruaicka, Wins, and Meyer, HeVo, Chim, Acta, 18, 998 (1935). 

M Letti4. Ber., 68, 766 (1935). 

** Alder and Stein, Ann,, 604 , 229 (1933). 
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that it has occurred twice, then the C 3 — OH of cholesterol must be 
similarly ds to the Cjo — CH 3 . 


4 ^ 

LXXXVIII 


PCIb 




!OOH 
H COOH 


xc 

(forms lactone) 




The spatial position of the C 3 — OH group influences the physical 
properties of the steroids. Kcindel and Niederlander ** have compared 
the melting points of a large number of the saturated stereoisomers. In 
both the cholestane and the coprostane series, the member of the epimeric 
pair that gives an insoluble di^tonide always has the lower melting 
point. Biochemically, the spatial configuration of the C 3 — OH group 
(and of the C 17 — OH group, also) is of great importance, although only 
in the cases of the cardiac principles and of the sex Jiormones is it possible 
to correlate configuration and physiological activity. 

Other Ring Hydroxyl Groups. Where the hydroxyl groups are 
attached at positions ot^er than C 3 , the criteria for the determination of 
spatial configurations are not well developed except for the 17-hydroxy- 
steroids. These hydroxyl groups may occupy positions cis (fi) or trans 
(a) to the neighboring C 13 — CH 3 group, and may be examined as to 
ease of dehydration and of hydrolysis of esters. The 17(a)-hydroxy- 
steroids (trans) are dehydrated less easily than thdr epimers,® and the 
17(a)-esters are saponified more readily than the corresponding jS-deriv- 
atives.''^ In some cases formation of an insoluble digitonide occurs 
with the 17(a)-hydroxysteroid and not with the epimer; in others it 
takes place with both; and in still others with neither. 

In the cases of the two bile acids, chenodesoxycholic (p. 1415) and 
cholic acids, there are hydroxyl groups at Cs and C 7 . Here it is postible 
by hypobromite oxidation to open rings A to 7-hydroxylithobilianic 
adds (qf. formula L, p. 1370) and exanune for lactone formation. Since 

•• Reindel and Niederl&nder, Ann., 6SB, 218 (1936). 

” K&gi and Mieadier, J. 800 . Chem. Ind., B7, 276 (1938); Reto. Chim. Aela. SI, 683 
(1939) ; Woker and Antener, ibid., SS, 1309 (1939). 
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lactones are formed in both instances, the C? — OH group must be cts 
to the Cs — COOH of lithobilianic acid, and irons to boHi the C5 — and 
the Cio — CHa." By the convention used in this discussion, however, 
these Ct — OH groups are described as haAdng the a-configuration. 

Structure and Optical Rotation. Relatively little work has been 
done on the correlation of structure and optical rotation. From 
the molecular rotations of various pairs of compounds Callow and 
Young ^ have noted that epimerization of the C3 — OH group from the 
ds position with respect to the Cio — CH3 group to a trans position is; 
accompanied by a shift of rotation to the right. This increase of d-rota| 
tion is seen from the data ^ven in the tables in the following discussion! 
where, for comparison, the specific rotations of isomers serve as well as\ 
the molecular rotations. Not enough cases of inversion of an hydroxyl \ 
group at C4, C5, or C17 were studied to pennit conclusive generaliza- 
tions to be made for these positions, but the introduction of a double ' 
bond into the molecule alters the d-rotation as follows: Compounds 
with unsaturation at A^, A^, and A^^ show a marked decrease in d-rotar 
tion; at a small decrease; at an irregular effect; at A’*, a small 
increase; and at A^ a marked increase. Reduction of a C17 carbonyl 
group to carbinol decreases the d-rotation slightly. 

Lettr£ ** has mrtended this work by studying the molecular rotations 
of neoergosterol (XCIV) and epz'neoergosterol (XCV) and thdr deriva- 
tives. In these sterols there are no centers of asymmetry in ring B, and 
the rotation is due entirely to the effects of asymmetric carbon atoms, 
C3, Ci3, Ci4, Ci7, and the side chain. The asymmetric center at C3 is so 
far removed from the other centers that the total rotation may be split 
up into two parts: part B, due to C3; and part A, due to the rest of the 
molecule. On calculating the values for A and B in neoergosterol and 
epfneoeigosterol, it is apparent that B (C3) has a negative value in neoer- 
gosterol, but is positive in cpineoergosterol. The same relationship 

Neoergosterol: [a]D — 11°; [Itfln ■= — 41.8° *■ A — B » 31.2° — 73° 

Hpineoergosterol: Md + 27.4°; [M]d “ + 104.2° = A -i- B “ 31.2® + 73° 

appl^ to derivatives of the two sterols. Because of the sign of the rota- 
tion, neoergosterol may be regarded as a derivative of ( — )-ao-tetrahydro- 
/8-naphthol (XCVI) and eptneoergosterol of (-|-)-oo-tetrahydro-/J- 
naphthol (XCVII) ([Af]i> == ± 99 . 5 ).“ Since neoergosterol or epineoer- 
gosterol can be correlated with the other compounds of the cyclopentano- 
p^hydrophenanthrene group containing a C3 — OH group, all these 
compounds axe rdated to the oo-tetrahydro-iU-naphthols. 

••Uttet, Ber., TO, 450 (1937). 

** PieksM tud Kenyon, J. Chem. Soe^ 101, 1427 (1912). 
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From a consideration of the above and other results, Wallis has 
concluded that rules, such as Hudson’s carbohydrate rules (p. 1551), 
cannot be developed for the entire framework of the steroids, but that 
the effects of certain groupings may be evaluated. For example, the 




XC YI. (^) oo-Tetrahydro- j3 *naphfhol XGYII. ( +) ao-Tctrahy<lro-/3*-i>aplithol 

rotation due to a group at C 3 may be determined from known com- 
pounds and used in the study of new steroids. 


THE STEROLS 

The sterols may be defined as the saturated and unsaturated alcohols 
derived from cycldpentanoperhydrophenanthrene. By this definition 
some of the sex hormones and certain of the adrenal substances are 
sterols, but it is more convenient to discuss them separately. In nature 
the sterols are widely distributed, both free and combined as esters or 
glycosides (p. 1572). Esters of the sterols with fatty adds are common 
to both n.Tiima .1 and plant life, but the glycosides, the so-called sterolins, 
occur only in plants. For clasafication, the sterdb are divided on the 
bftg jp of occurrence into zoosterols (animal sterols), ph 3 rtosterols (plant 
sterols), and mycosterols (sterols of yeast and fun^). 

The sterols are usually isolated in the form of wdl-OTstallued com- 
pounds with a waxy feel from the unsaponifiable portion of fat extracts- 
Since more tiian one sterol is usutdly present in any natairal inwiuct, 
separation is often difficult. The occurrence of mixed crystals and of 
molecular compounds sometimes makes purification of the free alcohol 

•• Benwtoia. aod Wallie, J. Org. Chem., 6 , 31» <!««)•, Benwtein, Wilson. 

Jr., 4 mm 1 Wallis, HM., 7. 103 (1042). 
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Phytosterols 

Brassicasterol 303)-Hy(iroxy-24-methyl C 28 H 46 O 2 4- 146 — 61 Rapeseed od 

A®* ^-cholestadiene 

7-DehydrostigmMterol 303)-Hydroxy-24rethyl- C 29 H 46 O 3 4- 154 —113.1 Stigmasterol 

A®* “-cholestatriene 



o-Spinasterol 303)-Hydroxy-24-ethyl- C29H48O 2 + 172 c. - 3.7 Spinach, alfalfa 

a 8 *^-cholestadiene 

Fucosteiol C29H48O 2 -f 124 — 38.4 Bladder wrack 

cri-Sitosterol 3(i8)-Hydroxy-24-ethyl- C29H48O 2 -f 166 — 1.7 Wheat germ oil 

Afi, 8 <i^J-cholestadiene (?) 
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t In the older literature, the following terms have been used; /^ndiolestanol for dihydrocholesterol; T'<:holestanol for a molecular compound of dihydrocholesterol 
and epicoprosterol; ^diolestanol for eptroprosterol; and €-choleetanol for ejndihydrocholesterol. 
t DottUe bonds. 

8 In bensene. 



1382 


ORGANIC CHEMISTRY 


by crystallization impracHcable. In this case, advantage is taken of the 
differential solubilities of derivatives such as the dibromides of unsat- 
urated sterols and the di^tonides, or the mixture is resolved by chroma- 
tographic analysis.*^ 

Because of the difficulty of obtaining pure compounds, many of the 
analyses reported in the older literature are erroneous. Even though a 
pure compound is available for analytis, the results may be hard to inter- 
pret. For this reason, analyses are based frequently on the acetate and 
on the dinitrobenzoate rather than (m the free sterol.*^ 

The physical properties of a number of the more important sterolj 
are given in Table I. In this table the compounds are named as denva 
tives of the stereoisomeric hydrocarbons, cholestane and coprostane 
(p. 1367). With the iinsaturated sterols, particularly those ■with unsatu-\ 
ration at Cg, there is a problem of reference compound. It seems best to ’ 
refer them all to cholestane, rather than to relate some to this hydro- 
carbon and others to coprostane. The sterols derived from the two 
hydrocarbons pregnane (p. 1489) and urane (p. 1496) do not fit in this 
general classification and are treated separately. 

Genial Reactions of the Sterols 

The reactions of the sterols may be discussed in relation to type 
formula I. As this structure shows, there is an hydroxyl group at C3, and 
in many of the natural sterols there is unsaturation at C 5 . The side 



or at Ct 4 * 

nTiMTi attached at C 17 is generally isooctyl or substituted isoSctyl. In a 
few of the sterols there is unsatmration in the side chain at C 22 or C 24 , 
and in a number of them the side chain is substituted with a methyl or 

»* Qf., itUer ol., Ladenborg, Fenih<dz, and Wallis, J. Org. Chan., 8, 2M (1938); Brock- 
jingop. Chan., > 8 , 884 (1940) ; SoM and Spoerri, J. Am. Otan. Soe., 84, 861 (1942). 
** Baadovist and Gorton, Ber., 68 , 1936 (1930); Sandqvkt and Bengtason, Bar., 64, 
8167 (1981) ; WindMia, 'Werdw, and Gaohaidtr, Bar., 68, 1006 (1932). 
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an ethyl group at C 24 > These characteristic features of the sterol mole- 
cule are doubtless of biogenetic significance. 

The Cg — OH. In addition to the reactions of a secondary hydroxyl 
group, the Cg — OH undergoes a number of changes that are conditioned 
by the structure of the molecule and by the nature of the reagents used. 
The Walden inversion that occurs when the saturated sterols are treated 
with chlorinating agents and regenerated has been discussed (p. 1375). 
An unusual kind of rearrangement that involves more fundamental 
changes is known for the A‘-unsaturated sterols. 

Cholesteryl p-toluenesulfonate and methanol react smoothly to pve 
two difFerent cholesteryl methyl ethers." With methanol alone, the 
expected 1-ether, m.p. 84“, [a]D-42°, is obtained," but with methanol and 
potassium acetate a d-ether, m.p. 79®, [a]D + 51.8®, results. Similarly, 
from cholesteryl chloride the 1-ether is formed by treatment with meth- 
anol alone, and the d-ether by treatment with methanol and potassium 
acetate." Analogous acetates are obtained if the p-toluenesulfonate is 
treated with acetic anhydride in the absence, or in the presence, of 
potassimn acetate. On hydrolysis of the d-derivatives, the compound 
known as ^cholesterol (II) is obtained.** The structure asrigned to this 
sterol is based on the following arguments: The hydroxyl group is 
attached at Ce for, on chromic acid oxidation of i-cholesterol, a ketone 
(III) is formed, which on treatment with hydrogen chloride in acetic 
acid is converted to a-3-chlorocholestan-6-one (p. 1377). The Cg double 
bond of cholesterol is no longer present in i-cholesterol since the latter 
compound, and its derivatives, are not acted upon by perbenzoic acid or 
ozone, and do not brominate readily. When bromination does occur. 




n. M3iolMterol 


" StdO, Z. phynol. Ckem., «0T, 147 (1932) ; SIS, 6 (1937). 

" Dids and Blumberg, Ber., 44, 2847 (1911) ; Bills and MacDonald, /. Biel Chem., 


n, 1 (1927). 

** WaitneisTfturegg and Wemer, Z, physiol* Chotn,,, 218» 119 (1932). 

" Wdlia, FernhoU, and Gephart, J. Am. Chem. Boo., #9, 137 (1937) ; Ford, Chak- 
ravorty, and Wallia, iWd., 60 , 413 (1938) : Beynon, Hdlfaron, and Spring, J. Chem. Soc, 
907 (1938). Cf. idem, ibid., 907 (1936) ; 406, 1469 (1937) ; Butenandt and Orowe, Ber, 
70, 1446 (1937). 
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the product is not a 5,6-(libromo-addition derivative but a 3,5,6-tri- 
bromo-substitution-addition compound. i-Cholesterol can be rearranged 
to cholesterol by various procedures, such as heating with zinc acetate 
and acetic acid, and it can be hydrogenated to dihydrocholesterol with 
platinum as a catalyst. The assumption of the cyclopropane ring is 
compatible with these reactions, but there is no direct proof of such a 
structure. This ring, if present, is much more stable in the dicarboxylic 
acids formed by opening ring B through alkaline oxidation with perman- 
ganate than in the parent compound.®^ 

From the study of other sterols and of a number of compoundk 
related to the male sex hormones,®® it is evident that the formation of 
i-steroids from normal steroids with an hydroxyl group at C 3 and a double 
bond at C 5 is one of the general reactions of the group. \ 

The Ci7 Side Chain. Except in the members of the pregnane and \ 
the urane series (p. 1487), the C 17 side chain of the natural sterols is an 
isooctyl or substituted isooctyl group. Where there is unsaturation in 
this side chain, it is usually at € 22 - In determining the structure of such 
a side chain the position of the double bond is placed by examining the 
volatile aldehyde produced by the action of ozone. Thus, ethyliso- 
propylacetaldehyde is obtained from stigmasterol, and methylisopropyl- 
acetaldehyde from ergosterol and its irradiation products.^®® 

Chromic acid oxidation of the acetylated saturated sterols, or of the 
sterol hydrocarbons, cleaves the side chain at the linkages with tertiary 
carbon atoms.* The composition of the mixture obtained by such an 


Ladenburg, Chakravorty, and Wallis, Am. Cftem. Soc.t 61 , 3483 (1939). 

•8 Feraholz and Ruigh, tbtd., 62 , 3346 (1940). 

Butenandt and Grosse, Ber., 70, 1446 (1937). 

Reindel and Kipphan, Ann., 493 , 181 (1932) ; Guiteras, Nakamiya, and Inhoffon, 
Ann., 494 , 116 (1932). 

* The variety of compounds that can be obtained by chromic acid oxidation of a sterol 
side chain is illustrated by the products that have been isolated from the oxidation of 
cholesterol (as acetate dibromide) under various conditions. In addition to 3 (|3) -hydroxy- 
A^-cholenic acid (p. 1415), ^^-pregnenolone (p. 1488), and dehydroandrosterone (p. 1502), 
the following have been isolated: 3 (/3) -hydroxy- A®-norcholesten-26-one (A) [by Ruzicka 
and Fischer, ffelv. Chim. Acta, 20 , 1291 (1937)), an hydroxy lactone formiilated as B by 
Miescher and Fischer, ibid., 27 , 155 (1939), and an unsaturated ketonic alcohol (C) by 
Kdster and Logemann, Ber., 73, 298 (1940). 
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oxidation is dependent on the temperature at which the oxidation is 
carried out but can be resolved into volatile and non-volatile ketones, 
acidic constituents, etc. The volatile ketones aid in determining the 
structure of the side chain. For example, from dihydrocholesterol, 
isohexyl methyl ketone was isolated early in the course of the study of 
the structure of cholesterol.^®^ The non-volatile ketones, i.e., ketones 
with carbonyl at C 20 or C 17 , are useful intermediates in the prepara- 
tion of the sex hormones.^®^ By oxidative cleavage at C 24 — C 26 or, where 
C 24 is substituted by alkyl, atC 23 — C 24 ,bile acid derivatives are obtained 
that have been of value in determining the stereochemical relationships 
of the nucleus and of the C3 — OH. As an illustration, 3(/3)-hydroxyaZto- 
cholamc acid is formed as one of the products of the oxidation of acetyl- 
dihydrocholesterol, and its isolation served as one of the ways of estab- 
lishing the spatial relation of the hydroxyl group and of rings A/B.^®* 

The Nuclear Unsaturation. Nearly all the natural sterols are un- 
saturated in the 5,6-position. The method of determining the position 
of this double bond has been illustrated in the discussion of the structure 
of cholesterol (p. 1354) and has been tested on a sufficiently large num- 
ber of sterols to establish its general applicability. The double bond 
in the 5,6-position is more reactive, apparently, than a double bond 
placed elsewhere in the molecule, including the side chain. 

The methylene groups adjacent to an ethylenic bond at C 5 : Ce are 
easily oxidized to carbinols or carbonyls. If the mild oxidizing agent 
selenium dioxide ^®^ is used in suitable solvents (acetic acid, etc., but not 
alcohol), cholesterol yields A®-cholestene-3,4-diol, m.p. 176®, Md— 60°. 
With cholesteryl acetate nearly equal amounts of the 3,4-diol and of A^- 
cholestene-3,6-diol, m.p. 257°, [ajo + 6 °, are formed. The reaction is 
shown schematically below: 


f 



RsOHsOO 

1 1 



WindauB and Resau, Ber., 46, 1246 (1913) ; Windaus and Neuldrohen, Ber.. 8St 
1916 (1919) ; Windaus, Z. physiol Chem,, 146, 177 (1926). 

inter oZ., Rusicka, Goldberg, and BrOngger, Helv» Chim, Acta, 17, 1389 (1934); 
Rusioka and Fischer, ibid,, SO. 1291 (1937) ; Miescher and Fischer, ibid., SS, 166 (1939). 
Femhols and Chakravorty, Ber., 67, 2021 (1934). 

n.ftaftnliAi|Tfv ftfiH Starling, J. Chem. Soc,, 377 (1937) ; Butenandt and Hausmann, 
Ber.. 70 , 1164 (1937) ; Marker, Kamm, and Wittle, J. Am. Chem. Soe., 60 , 1071 (1938); 
Marker and Rohrmann, ibid., 60 , 1073 (1938). 
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The use of siaonger axidiraing agents leads to the addition of hydroxyl 
groups to the ethylene linkage. The course of the reaction is somewhat 
depend^t on the medium. From cholesterol, for example, emplojrment 
of alkaline permanganate leads directly to one of the isomeric cholestane* 
triols (p. 1355), while add permanganate apparently gives a mixture of 
isomeric oxides which are then converted to triols.^*’* In the latter case, 
an excess of oxidizing agent converts the triols to 3,6-diketo-5-hydroxy 
derivatives. 

If the esters of the unsaturated sterols are oxidized with chromic ad<^ 
or permanganate in acetic add under mild conditions,'" the action 
prindpally at Chromic add at 40“ converts sterol esters 

7-ketosterols (IV) which, on reduction with aluminum isopropoxide, &ve 
mixtures of isomeric 7-hydroxysterols (V) in which the low-melting\ 
o-isomer predominates. The jS-stereoisomer OJ-7-hydroxy) may be pro- \ 

R R 




duced directly by permanganate oxidation of the add phthalate ester of 
the sterol."®'' By benzoylation and pyrolysis the newly introduced hy- 
doxyl groups are split out to ^ve dehydrosterols with the conjugated 
system Cs : Cs'Or : Cg. As a by-product of the pjnrolyds of the diben- 
zoate of 7-hydro^cholesterol, a small amormt of isodehydrocholesterol 
is formed. This isomer of 7-dehydrocholesterol probably contains the 
conjugated system Ce : Cr-Cg : Cg."®* Treatment of dther dehydro- 

Marker and Rohrmann, J. Am, Chem. Soe.t 6S, 516 (1940) ; Ehrenstein and Decker, 
J. Org. Chem., 5 , 544 (1940). 

* Colloidal aolutiona of chdlesterol are converted by aeration with molecular oxygen 
to 7(a)-hydroxycholesterol (ca. 30 per cent yield) and Z-ketocholesterol [Winterateiner 
and Bergatrdm, /. Siol. Chem., 137, 785 (1941)]. This shows the susceptibility of position 7 
to attack by oxygen and suggests a pa^ by which cholesterol may be converted in bio- 
logical systems to 7<«debydro(diQle0terol and vitamin Ds. 

"M Mautbner and Suida, Monaieh., 17, 496 (1896); Windaua, Ser., 58, 488 (1902); 
Wiadaim, Lettr4, and Sdienck, Ann., 880, 98 (1935) ; Wunderlich, Z. physiol. Chem., 841, 
116 <1986) ; linsert, ibid., 841, 125 (1936) ; Marker, Kamm, Fleming, Popkin, and Wittle, 
/. Am. Chem. 8oe., 09, 619 (1937) ; Windaus and Sehenck, IT. S, pat., 2,098,984; Marker, 
0,8, pats 2,177,855. 

Bair, HsObron, Pany, and Spring, J. Chem. Boc., 1437 (1936). 

WinCim, lina^, and Eekhardt, iinit., 884, 22 (1988). 
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stend mth hydrogen chloride gives the same product, probably with 
distribulicHi of the conjugated system between rings B and D.**** 

Whrai a dehydrosterol (VI) is reduced with sodium and alcohol, only 
one of the double bonds is saturated. The resulting y-stenol (VII), in 



which the double bond is probably at C? : Cg, is rearranged into an 
a-stenol (VIII) by aVia-lfing with palladium sponge. The double bond of 
the a-stenol is resistant to catalytic hydrogenation; it is probably located 
at Cg : Cu- The a-stenol may be produced directly with the uptake of 
one of hydrogen by catalytic reductkm of the d^ydrost^ in the 
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presence of palladium. Altliough an o-stenol cannot be hydrogenated, 
it can be rearranged by treatment with hydrogen chloride in chloroform 
solution to a |9-stenol (IX), which takes up hydrogen readily to give the 
completely saturated sterol.“* 

If alcoholic solutions of dehydrosterols are irradiated in the presence 
of oxygen and of a sensitizer like eo^, transannular peroxides are 
formed through 1,4-addition of oxygen to the conjugated system in 
ring Like other peroxides of tl^ class, the products are unusually 
stable. Transannular peroxides are formed also with conjugated systems 
in other portions of the nucleus, but the products are not as stable ^ 
those from the dehydrosterols (qf. 2,5-peroxido-A®-cholestene, p. 139^. 
Irradiation of dehydrosterols with virible light in the absence of oxygen 
but with a sensitizer produces “pinacols.” Since these are formed by 
the loss of hydrogen from two molecules of the dehydrosterol, Jacob^ 
sen has suggested that they are better described as “bi-dehydro-' 
sterols.” The provisional formula X proposed by Inhoffen for the 
pinacols from 7-dehydrosterols with a 7,7 -linkage is probably representa- 
tive of all pinacols formed from steroids with a conjugated system in 
ring B. Pinacols are obtained from steroids with conjugated sjrstems in 
other portions of the ring structure, but their formulation is less secure.*** 
The pinacols from the 7-dehydrosterols are unstable when heated above 
their melting points, or when boiled in acetic anhydride, and are con- 
verted to the semi-benzenoid norsterols (XI) by the loss of methane 
from Cio — CHs and Co — ^H. 

The dehydrosterols have a characteristic absorption spectrum in the 
ultra-violet within the range 260-300 rati, with maxima at ca. 270 m/i, 
280 mix, and 295 mix.* The absorption is due entirely to the conjugated 
system in ring B, and the absolute position of the bands is unaffected 
by the surrounding structure.*** The intensity of the absorption, how- 
ever, varies as the surrounding structure is modified. 

The Sterol Ketones. By cold oxidation of the saturated sterols, 
or by dehydrogenation of ^e unsaturated sterols uring Oppenauer’s 
method,*’* the sterol ketones are obtained in excellent yield. The 

'<>*Aehtermann, Z. phytM. Chem., SIS. 141 (1934); Lauoht, ibid., S37, 236 (1936); 
Dimroth and Trautmann, Ber., 69, 669 (1936). 

Review: Bergmann and McLean, Chem, Rev,, S8, 367 (1941). 

Windans and Borgeaud, Ann,, 460, 236 (1928) ; Inhoffen, NaturwieeeTiscfujfUn, 86, 
125 (1937) ; (f, Jacobsen and Nawrocld, J, Am, Chem, Soc,, 68, 2612 (1940), for bibliography; 
and, also, Windaiis and Zilhlsdorff, Ann,, 686, 204 (1938). 

Cf, Butenandt and Poechmann, Ber,, 78, 893 (1940). 

* For typical curve (ergosterol) see Morton, **The Application of Absorption Spectra 
to the Study of Vitamins and Hormones,” Hilger, London (1935), p. 8. 

Dunroth and Trautmann, Ber., 69, 669 (1936). 

C/. Bersin, Angew, Chem., 68, 266 (1940), for review article. 
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S-ketones are the most accessible and are extremely valuable as inter- 
mediates for further transformations. The reactions of these 3-ketones 
are conditioned somewhat by the spatial arrangement of the molecule. 

The saturated ketones with the alio or tram configuration of rings 
A/B, such as cholestan-3-one (XII), are substituted at C 2 by bromina- 



XII. 

Cholestan-S-one 


Br 


Br2 




Collidine 


o 

XIII. 

2<Bromocholc8tan-3-one 


O' 




CH.I 


XIV. 
A^-Cholestenone 



^A^-Cholestenone 


\ Pso'idme 
AMi^holestenone 


tion or sulfonation.^^® With continued bromination, a second 
bromine atom is introduced at On dehydrobrominating the 

2 - monobromoketones with collidine (2,4,6-trimethylpyridine) the ex- 
pected A^-ketone is obtained together with some of the parent saturated 
ketone.^^® For example, 2-bromocholestan-3-one (XIII) on treatment 
with collidine gives a mixture of A^-cholesten-3-one (XIV) and cholestan- 

3- one.^^® Treatment of the 2-bromoketone with pyridine, or with 

pyridine derivatives which are unsubstituted in the 4-position, gives 
rise first to pyridinium compounds which are evidently then rear- 
ranged and finally decomposed to A^-ketones.^20 Dehydrobromination 
of the 2 -bromokctones with potassium acetate in acetic acid leads to 
the formation of compounds of uncertain structure which Butenandt 
has designated as A-A^-ketones. 

The 3-kctones derived from the coprostane type brominate at € 4 .^^^ 
Two atoms of bromine may enter to form first a monobromo- and then 
a dibromoketone. Sulfonation, on the other hand, takes place both at 
C 2 and at C 4 .“’ Debromination of the monobromo derivatives pro- 
ceeds in the normal manner to give A^-ketones. 

These differences in the behavior of the two types have been utilized 

Butenandt and Mamoli, Ber., 68, 1850, 1854 (1935) ; Butenandt and Wolff, Ber., 68, 
2091 (1935). 

Windaus and Kuhr, Ann., 538, 62 (1937). 

Butenandt and Schinidt-Thoni6, Bet., 67, 1901 (1934) ; Butenandt, Schramm, 
Wolff, and Kudzus, Ber., 69, 2779 (1936) ; Ruzicka, Bosshard, Fischer, and Wirz, HeU. 
Chim. Acta, 19. 1147 (1936) ; Inhoffen, Ber„ 70, 1696 (1937). 

Butenandt, Mamoli, Dannenberg, Masch, and Poland, Ber., 78, 1617 (1939): 
Inhoffen, ZUhlsdorff, and Huang-Minlon, Ber., 78, 461 (1940). 

Jacobsen, J. Am, Chem. Soe,, 68, 1620 (1940). 

Ruzicka, Plattner, and Aesbacher, Helv, Chim, Acta, 81, 866 (1038) 

Windaus and Mielke. Ann,, 636, 116 (1938V 
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for structural detomunatious. Thus, the ketone obtained by oxidising 
dibromocholesterol brominates at C 4 , cmd since this parallels the behavior 
of ooproBtan-3-one, it is reasoned that the Cs — ^Br of dibromocholesterol 
is cis to the Cjo — CHa.*® The product obtained by the addition of 
hydrogen halide to a C 5 double bond is largely made up of the isomer 
with the 5-haiogen in a da position to the Cio — CH 3 , but the other 
isomeric and epimeric modifications are formed also in small amounts.^ 

The 3-ketones with unsaturation in conjugation with the carbonyl 
group present a more complicated atuation since both substitution and 
addition may take place. The entrance of bromine is conditioned by the 
presence of add, for no bromination occurs in the presence of potassium 
acetate. Substitution takes place by addition to an enolic form, and the\ 
entering halogen atoms form unstable intermediates which lose hydro- \ 
gen bromide. The net effect is bromination at an unexpected position. \ 
This is illustrated in the bromination of A^-cholestenone ^ where the 
final product is 4,6-dibromo-A*-cholestenone (XVIa) or its enol (XVI). 
The course of the reaction (XV-XIX) has been studied by brominating 
the enolacetate in ether-acetic acid. 

Beduction of the ring carbonyl to hydroxyl groups is easily accom- 
plished by the use of aluminum isoalkoxides according to the Meerwein- 
Poimdorf procedure.^* With the saturated steroid ketones catalytic ■ 
reduction is equally satisfactory. Epimeric mixtures are usually 
obtained in both cases, but they are readily separated by the use of 
digitonin. Reduction of the carbonyl to a methylene group by the Wolff- 
Eishner method proceeds normally for all save the S-ketones.’** Here 
dissodalion of the hydrazone or semicarbazone evidently interferes with 
the normal reduction, and the product is a mixture of epimeric 
3-carbinols. By the addition of excess hydrazine, for example, Winter- 
steiner has shown that the dissociation may be reversed to ^ve normal 
reduction. 

The Color Reactions of the Sterols. The sterols give a niunber of 
color reactions which are useful for preliminary identification and for 
quantitative analysis, but which are not specific for the sterols. Since 
sulfuric and other strong adds are used in the tests, the colored sub- 
stances are probably halochromic salts. The Sdikowdci reaction is 
carried out by shaking a chloroform solution of the sterol with an equal 

^ Butenandt and Schramm, Ber,, ti, 2289 (1936). 

^ Deoombe and Babinowitach, BuU, eoc* Mm,, [6] 6, 1510 (1939) ; de Fasi and Pirrone, 
Chm. Mm. Ual., 70, 18 (1940). 

Inhoffen, Ber., 69, 2141 (1936). 

Marker and Lawson, J. Am, Chem. Boc., 61, 862 (1939) ; Dutcher and Wintersteiiier, 

61, 1992 (1939) ; Marker, Turner, and Dbldiafer, ibid., 69, 8009 (1940). 

«• Salkowski, Z. physiol. Chem,, 57 , 523 (1908). 
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voliune of concentrated eulfuric add. The JAdteimamnrBunhiffd reac- 
tion is identical with the SaLkowski reaction save that a few drops of 
acedc anhydride are added to the mixture. The Rosenheim test differs 
from the others in that the free sterol or a chloroform solution of the 
sterol is treated with 90 per cent trichloroacetic add. Color production 



indicates a system containing, or potentially containing, a conjugated 
system of carbon atoms.“* 

By underlayering with sulfuric add an alcoholic solution of a sterol 
without or with an aldehyde, such as benzaldehyde or furfuralde- 
hyde,“* characteristic colors are produced at the interface. The rate 
at which these color bands are produced, as well as their hue and intens- 
ity, may be rdated to the steric configuration of the hydroxyl group. 

Molecular Compounds. One of the characteristics of the sterols 
is their ability to form molecular compounds and mixed crystals with 
other sterols. By means of melting-point diagrams, Lettrd ^ has 

lAebenuann, Ber,, 18, 1803 (1885); Burchard, Chem. Zenir,, 61 (I), 25 (1800); 
Schoenheimer and Daxn> Z. physiol, Chem,^ 215, 59 (1933). 

n«—nli«i,T <, Biodiem. J., S3, 47 (1929) ; KosenheJm and Callow, ibid., SB, 74 (1631). 

*” H«lbrott and Spring, J. Chem. Soc., 2664 (1930) ; Schoenhdmer and Eyana, Jr. 
/. BvA. Chem., 114, 567 (1936). 

Wokw and Antenar, HeUi. Chim, Aeta, SS, 1309 (1030). 

Soherrer, ibid., SS, 1320 (1930). 

*•* Wokw and Antener, ibid., SS, 511 (1939). 

**■ Lettr6, Ann.. 466. 41 (1082). 
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studied the relationship between these tendencies and structure. If 
cholestanol and coprostanol (coprosterol) and their epimers are used as 
examples representing all the possible arrangements with respect to the 
Cio — CH 3 group at the points of asymmetry, C 3 and C 5 , the following 
relationships obtain: 

Cs-OH Cr~H Cs— OH Cs— H 

Cholestanol cis trans Coprostanol cis eis 

Eptcholestanol trans trans Epicoprostanol trans cis 

Compound formation takes place between cholestanol and cpzcopro+ 
stanol, or between coprostanol and epicholestanol. Molecular comA 
pounds are formed, therefore, by pairs which are structurally dissimilar^ 
with respect to both the C3 — OH and the C 5 — H. The spatial position 
of the hydroxyl group appears to be the determining factor, since mask- 
ing the hydroxyl by acetylation destroys the capacity for compound 
formation. One of the components of a pair may be replaced by a 
structurally similar compound; for example, ergostanol, 3(i3)-hydroxy- 
24-methylcholestane, forms a molecular compound with epicoprostanol. 

Mixed crystals are formed by sterols and 5,6-dihydrosterols, as with 
the pairs cholesterol-cholestanol and ergosterol-dihydroergosterol. Here, 
too, the hydroxyl group plays a part, but a minor one, for acetylation 
does not interfere with mixed ciystal formation, whereas replacement 
of the hydroxyl by hydrogen does. 

The Zoosterols 

At one time it was thought that all the sterols associated with the 
animal kingdom had the same carbon content as cholesterol. One of the 
facts supporting this view was the isolation in 1872 of “isocholesteror^ 
from wool fat.^ Since that time this ‘‘sterol” has been resolved into two 
compoimds: agnosterol,^ C 30 H 48 O; and lanosterol,”® C 30 H 50 O. Appar- 
ently neither of these substances is a sterol.^*^ The isolation from animal 
tissues and excreta of a number of sterols of hi^er and lower carbon 
content than cholesterol has definitely disposed of the older belief. 

Cholesterol and E^icholesteroL Cholesterol, the principal animal 
sterol, is found in all tissues in amounts ranging from a few hundredths 
to 4-5 per cent.“® Although cholesterol is doubtless of great importance 
to animal life, no specific ftmetion can be assigned to it. Generally it is 

Schulse, Her., 5, 1075 (1872) ; 6, 251 (1873) ; 81, 1200 (1898). 

Windatis and TscheBche, Z, physiol. Chsm., 190, 51 (1930). 

^ DorOe and Garratt, J. Soc. Chem. Jndf., 58 , 141T, 355T (1933). 

^ Sdmlse, Z, physiol. Chem,, 888, 35 (1936). 

' ^^Cf. LettrO and Inhoffen, “Uber Sterine, GaUenafturen und verwandte Natuntoffe," 
liixlDa, Stuttcart (1986), p. 98. 



THE STEROIDS 1393 

regarded as an essential constituent of cells, but its synthesis and metab- 
olism in the body are obscure. 

Spfcholesterol, the epimer of cholesterol, is not found in nature but 
is obtained from cholesterol by synthetic methods. When 6,6-dibromo- 
cholestan-3-one is debrominated with zinc and acetic acid, A^-cholesten- 
one, m.p. 80®, [a]D + 88.8°, is obtained (p. 1357). If the debromination 
is carried on in weakly acidic alcohol, a double bond is produced without 
rearrangement, and A®-cholestenone, m.p. 127®, [a]D-“4.2°, is obtained.^® 
The A^-ketone is readily rearranged into the A^-ketone, but on catalytic 
reduction with Raney nickel, it is converted to a mixture of cholesterol 
and epzcholesterol.^^® The mixture is resolved by precipitating choles- 
terol with digitonin and extracting the epicholesterol which does not 
form an insoluble digitonide. On a large scale, epfcholesterol can be 
separated from cholesterol by crystallizing first the acetates and then 
the benzoates from ethyl alcohol. 

Marker has employed cholesteryl chloride (p. 1376) as an inter- 
mediate for the formation of c 2 >icholesterol. On oxygenating the Grig- 
nard from cholesteryl chloride and hydrolyzing, a mixture of cholesterol 
and cpicholesterol is obtained. By a second procedure, the chloride is 
oxidized with chromic acid in acetic acid at 55® to 7-ketocholesteryl 
chloride. On treatment with potassium acetate, an acetoxy group in 
epi configuration is substituted for the chlorine and the synthesis is com- 
pleted by Wolff-Kishner reduction. 

The sterol mixture present in the feces of man and of other Carnivora 
is largely coprosterol with small amounts of dihydrocholesterol and 
traces of cholesterol.^^ Since the bile contains cholesterol and some 
dihydrocholesterol there must be a biochemical mechanism to account 
for the stereoisomer coprosterol [3(i3)-hydroxycoprostane]. Schoen- 
heimer has suggested that A^-cholestenone is the intermediary sub- 
stance in the formation of coprosterol. 

Allocholesterol. In anhydrous media cholesterol adds hydrogen 
chloride to form the so-called cholesteryl chloride (C5 — Cl). Treatment 
of the addition product mth anhydrous potassium acetate gives a mix- 
ture of allocholesterol (XX)* and cholesterol, t Because of the difii- 

1 *® Butenandt and Schinidt-Thom6, Bcr., 69, 882 (1936). 

14® Ruzicka and Goldberg, Helv. Chim, Acta^ 19, 1407 (1936). 

Marker, Oakwood, and Crooks, J, Am, Chem, Soc., 68, 481 (1936) ; Marker, Kamm, 
Oakwood, and Laucius, ibid,, 68, 1948 (1936) ; Marker, U. S. pat., 2,177,356. 

Schoenheixner and co-workers, Z, physiol, Chem,, 192, 73 (1930). 

Schoenheimer and Hrdina, ibid,, 218, 161 (1932). 

Schoenheimer, Rittenberg, and Graff, J • Biol, Chem,, 111, 183 (1935) , cf, Rosen- 
heim and Webster, Nature, 136, 474 (1936) . 

♦ In this compound the prefix “alio” does not indicate a irana relationship of rings A/B. 

t Originally the mixture itself was thought to be allocholesterol. Cf, Windaus, Ann,, 
447, 233 (1926); 483, 101 (1927). 
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culty of resolving this mixture, allochoiesterol is more easily obtained 
by catalytic reduction of A^-cholesten-3-one.^*® The product of the 
reduction is a molecular addition compound, m.p. 141®, of allochol- 
esterol and eptallocholesterol which is easily resolved through the 
insoluble digitonide of the former. Both allocholesterols are easily 
dehydrated to A®,®-cholestadiene. 



Allochoiesterol also has been suggested as an intermediary form in 
the physiological conversion of cholesterol to coprosterol. In agreement 
with this suggestion, catal 3 rtic reduction of allochoiesterol gives only 
coprosterol. 

When A^-cholestenone is reduced with sodium, a molecular com- 
poimd, m.p. 160®, of dihydrocholesterol and epmllocholesterol is ob- 
tained.^^ The molecular compound was at one time regarded as an 
isomer of cholesterol and was known as iS-cholesterol. 

The Cholestadienes. Cholesterol can be dehydrated by distilling 
from anhydrous copper sulfate or by various other methods. The dehy- 
dration product is ^own as cholesterilene. Bergmann has studied the 
structure of this compound and from its reactions has concluded that it 
is a A^’®-cholestadiene. As proof of the correctness of this formula- 
tion A^*®-cholestadiene was prepared from 7-ketocholesteryl acetate by 
splitting off acetic acid and reducing the carbonyl at C 7 by the Wolff- 
Kishner method. In this conversion the carbonyl at C7 serves to stabi- 
lize the double bond at C^. An isomer of cholesterilene, A^’^-cholesta- 
diene, may be obtained by heating cholesterol over aluminum oxide and 
distilling the product. On treatment with hydrochloric acid, A^*^- 
cholestadiene is rearranged to the A^*®-diene.* 

Evans, Jr., and Schoenheimer, J, Am, Chem, Soc,, 68, 182 (1936); J, Biol, Chem,, 
lU, 667 (1936). 

Dicds and Linn, Ber,, 41 , 260 (1908) ; Evans, Jr., and Schoenheimer, J. Biol* Chem., 
116 , 17 (1936); cf- reference 96. 

Stavely and Bergmann, J. Otg. Chem,, 1 , 667, 676 (1936). A good bibliography to 
the earliffl: work is given in the first of these articles. 

* The preparation of a number of other (^olestadienes is described by Eck and Hol- 
lingsworth, «7. Am, Chem, Soc„ 64 . 140 (1942). 
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The two cholestadienes show a number of interesting differences. 
The ph3n3ical properties are: A^'^’-choIestadiene, m.p. 78-79®, [a]D— 64° 
(CHCls); A®’^-didestadiene, m.p. 63®, [a]p+114° (CHCls). The shift in 
specific rotation from negative in the A^'^-diene to positive in the A^'^- 
diene is further evidence that the assigned structures are correct, since 
Callow and Young (p. 1378) have noted that compounds with A®- 
unsaturation show a less positive rotation than those with A^-unsatura- 
tion. The A®’®-diene adds maleic anhydride (p. 685) with difficulty, and 
the acid formed by hydrolysis gives insoluble alkaline salts, thus diffep- 
ing from the other known maleic acid addition compotmds in this group. 
On the other hand, the maleic acid addition product of A^’^-cholesta- 
diene forms soluble alkaline salts. A®’®-Cholestadiene has an absorption 
spectrum with maxima at 229, 235, and 244 nm, while that of the A*’^- 
diene is at 260 m/i. On catalytic reduction, A®’®-cholestadiene is hydro- 
genated to cholestane (80 per cent) and coprostane (20 per cent), but 
A*’^-cholestadiene is quantitatively converted into coprostane. When 
oxygen is passed through an irradiated alcoholic solution of A^’^-choles- 
tadiene sensitized with eosin, 2,5-peroxido-A®-cholestene is formed. The 
peroxide is imstable in sunlight and is rearranged to some uncharacter- 
ized peroxide.^** 

Sterols from Lower Forms of Animal Life. From oysters and clams 
the characteristic sterol, ostreasterol, C29H48O, has been isolated.^" 
Its structure is not completely known, but hydrogenation converts it to 
sitostanol [7-sitostanol(?)]. An ostreasterol II, m.p. 121-122®, has been 
described also. 

The eggs and oil of the silkworm contain a mixture of cholesterol and 
sitosterol, which at one time was regarded as a definite compoimd.*** It 
is uncertain whether the sitosterol originates from the diet or whether it 
is synthesized by the worm. These and other sterols from the lower 
forms of animal and plant life are of interest, as they suggest a relation- 
ship between the stage of evolution and the type of sterol formed. 
Until the role of the sterols is imderstood, however, it is impossible tc 
evaluate such an evolutionary process if one exists. 

In urine there are normally present small amounts of cholesterol 
and traces of various urinary hydrocarbons.*** Besides these constitu- 

** Butenandt and Kudiua, Z. phytid. Chem., S6S, 1 (1938) ; Skau and Bergmann, 
J. Org. Chem., S, 166 (1938). 

*** Bergmann, J. Bid. Chem., 104, 317, 653 (1934). 

“• Bergmann, ibid., 107, 627 (1934) ; 117, 175 (1937). 

w Butenandt and Ti ftwnAnVMMim ^ Z. physid. Chem., 843, 151 (1937) ; kCarlmr, J . dm. 
Chem. Soe., 61, 1287 (1939). 

Hart and Northrup, J. Am. Chem, 80c., 67, 2726 (1936) ; Marker, ibid., 66, 2442 
(1938) ; 61, 1287 (1939). 
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ents, a- and j9-«quistanols, CsoHssOH, which may be sterols also, are 
excreted in equine,**® bovine,*®^ and porcine *®® urines. The equistanols 
may originate from the diet or, since steers *®® do not excrete either form, 
may be formed in the sex organs. In the lower animal orders, or during 
pregnancy in higher and lower orders, various polyhydiic sterols derived 
from the hydrocarbons pregnane (p. 1489) and urane (p. 1496) are also 
excreted. These may be formed from the sex hormone progesterone or 
from certain of the adrenal substances by reduction in vivo; they are 
discussed later. 

The Phytosterols 

A large number of plant sterols have been reported in the literature,* 
but many of them have been so poorly characterized that relatively few 
can be regarded as chemical individuals. Stigmasterol, ai-sitosterol, 
iS-sitosterol, a-spinasterol, and brassicasterol are the phytosterols which 
have been studied most carefully. 

Stigmasterol. Although stigmasterol is widely distributed in plants 
both as the free sterol and as glycosides,*®* only soybean and calabar bean 
oils contain enough of the sterol to be used as sources. From soybean 
oil, stigmasterol is conveniently separated as its sparingly soluble acetate 
tetrabromide from the accompanying sitosterols. Its structure (XXI) 
has been determined as 303)-hydroxy-24-ethyl-A®'“-cholestadiene by 
Femholz,*®® building on the earlier work of Guiteras.*®* The methods 
used were essentially the same as those employed for the determination 
of the structure of cholesterol, save that the double bond of the side 
chain was placed through formation of ethylisopropylacetaldehyde by 
ozonization of the sterol. Among the important derivatives of stig- 
masterol are the hydrogenated sterols, 22-dihydrostigmasterol and stig- 
mastanol. The former is conveniently obtained by rearranging the 
parent sterol ethers to i-stigmasterol ethers, hydrogenating, and then 
rearranging and hydrolyzing to 23-dihydrostigmasterol.**® 

The Sitosterols. Originally the principal sterol fraction isolated 
from plant oils was considered to be “sitosterol.” Largely through the 

Marker ei al., ibid., 60 , 166S (1938) ; Marker and Rohrmann, ibid., 61 , 2637 (1939). 

Marker, ibid., 60 , 2442 (1938) ; 61 , 944 (1939). 

Marker and Rohrmann, iWd., 61 , 3476 (1939). 

Marker, ibid., 61 , 1287 (1939). 

♦ For partial list see ‘‘Biochemisches Handlexikon” (1923), X, 179; (1933), XIV, 826. 

«^C/. Thornton, Kraybill, and MitoheU, /. Am. Chem. Soe., 66, 2006 (1940), for 
recent reference. 

Femholz, Ann., 807 , 128 (1933) ; 608 , 215 (1934) ; Femholz and Chakravorty 
Ber., 67 , 2021 (1934). 

^••Guiteras, Z. physiol. Chem., 814 , 89 (1933). 

Femholz and Ruis^, J, Am. Chem. 8oc., 68, 3346 (1940). 
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work of Anderson and of Wallis, this sterol fraction is now known to 
contain at least five components, ax-, a ^ , ay, fi-, and 7 -sitosterols. 
aj-Sitosterol probably has the structure 303)-hyit)xy-24rethyl-A®’*^^^^- 
cholestadiene.*® In line with this formulation, ai-sitosterol is ea^y 
hydrogenated to ai-dihydrositosterol, which shows the reactions of an 
a-stenol. On isomerizing with hydrogen chloride and hydrogenating, 
this a-stenol is converted through a | 8 -stenol to ai-sitostanol, which 



appears to be stereoisomeric in the C 17 side chain with stigmastanol. 
Little is known of the structures of ay and as-sitosterol, but the latter is 
doubly unsaturated and is precipitated by digitonin.^® jS-Sitosterol has 
been shown to be 22-dihydrostigmasterol.^®’ Recently the sterol 
from cinchona bark, formerly known as cinchol, has been identified as 
/3-sitosterol.'** 7 -Sitosterol apparently differs from /S-sitosterol merely 
in the spatial configuration of the C 17 side chain.'® 

The Spinasterols. From spinach, and also from alfalfa, the char- 
acteristic sterol, o-spinasterol (XXII), has been isolated.'® In spinach 
this sterol is accompanied by the allied compounds, /3- and 7 -spinasterol. 
The structure of o-spinasterol has been shown by Femholz to be 303)- 
hydroxy-24-ethyl-A®^'^^’^^-cholestadiene. This sterol and zymosterol 
(p. 1399) are the only known natural unsatiu-ated sterols that do not 
have an ethenoid bond at C5. 

Anderson and Shriner, 48, 2976 (1926) ; Anderson, Shriner, and Burr, 48, 
2987 (1926). C/. Ruzicka and Eichenberger, Helv, Chim. Acta^ 18, 430 (1935). 

Fernholz and Wallis, J. Am. Chem. Soc., 58, 2446 (1936) ; Wallis and Chakravorty 
J. Org. Chem., 3, 335 (1937) ; Bernstein and Wallis, ibid., 8, 341 (1937) ; J. Am. Chem, 
Soc., 61, 1903, 2309 (1939). 

1 ®* Bengtason, Z. physiol. Chem., 237, 46 (1935). 

»®® Hesse, Ann., 228, 294 (1885) ; Liebermann, Ber., 17, 871 (1884) ; 18, 1805 (1885) ; 
Windaus and Doppe, Ber., 66, 1689 (1933) ; Dirscherl, Z. physiol, Chem., 236, 1 (1935) ; 
257, 239 (1938). 

^®® Hart and Heyl, J. Biol. Chem., 95. 311 (1932) ; Heyl and Larsen, J. Am. Chem. Soc., 
56, 942 (1934) ; Larsen and Heyl, ibid., 56, 2993 (1934) ; Larsen, ibid., 60, 2431 (1938) ; 
Simpson, J. Chem. Soc., 730 (1937) ; Fernholz and Moore, J. Am. Chem. Soc., 61, 2467 
(1939) ; Femholz and Ruigh, ibid., 62, 2341 (1940) ; King and Ball, Jr., ibid., 61, 2910 (1939) 
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MisceUaneoiis Plant Sterols. In addition to the above plant sterols 
there are a ntunber of others which have been investigated. Noteworthy 
among these are brassicasterol from rapeseed oil and fucosterol from 
bladder wrack. Brassicasterol has the structure 3 (/ 3 )-hydroxy- 24 - 
methyl-A®’“-cholestadiene and is exceptional in that it has a methyl 
group at C24 rather than the ethyl group usually found at this position 
in plant sterols.^** Fucosterol contains two double bonds and, on cata- 
lytic hydrogenation, is reduced to stigmastanol.'*^ One of the double 
bonds of fucosterol is probably at Cg, but the position of the other is 
uncertain. 

Further work with plant sterols may show new variations in the sterol 
architecture. Among those currently receiving attention are bessisterol, 
CaaHfioO, from coicis seeds,*** and cafesterol, C20H28O3, from coffee oil.*** 
The former may be related to allocholesterol,* and the latter may be 
devoid of the C17 tide chain. 

The Mycosterols 

The sterols of yeast have been studied with moderate thoroughness, 
while those of the fim^ have been poorly investigated. In general, 
sterols are not present in bacteria, but small amounts of an unknown 
sterol have been demonstrated in Aeobacter ckroococcum.”^ 

Windaufl and Welsch, JBer., 42, 612 (1909) ; Femholz and Stavely, J. Am. Chem. 
Soc., 21 , 142 (1939) ; 62, 428 (1940). 

is^Heilbron and co-workers, J. Chem. Soc., 1572 (1934); 1205 (1935); 738 (1936). 
Cf. Larsen, J. Am. Chem. Soc., 60, 2431 (1938). 

Kuwada and Yosiki, J. Pharm. Soc. Japan, 69, 203, 282 (1939) [Chem. Zentr., (I) 
2316 (1940)1; ibid., 60, 25 (1940) [Chem. Zentr., (II) 630 (1940)]. 

Slotta and Neisser, Ber., 71, 1991^2342 (1938) ; Hauptmann and Franca, Z. physiol. 
Chem., 269, 245 (1939) ; Miescher et al., Hdv. Chim. Acta, 24, 332E (1941). 

* Various derivatives of bessisterol have been found to be identical with those from 
the iqpinasterols by Kuwada and Yosiki, J. Pharm. Soc. Japan, 60, 407 (1940) [C. A., 86, 
461 (1941)]. 

Anderson, Schoenheimer, Crowder, and Stodola, Z. physiol. Chem., 237, 40 (1935) ; 
Silferd and Anderson, ibid., 289, 270 (1936). 
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Ergosterol, the principal mycosterol, is found both in 3 rea 6 t and in 
fungi. In the former it is accompanied by small amotmts of o-dihydroer- 
gosterol, zsmxosterol, and cerevisterol, a polyhydroxy sterol.”^ Fungi- 
sterol, C 2 JSH 44 O, has been isolated from several kinds of fungi.*” Present 
in the sterol fraction from yeast is a so-called layptosterol, CsoHsoOi 
which forms an insoluble digitonide but which is not a sterol.*” There is 
some question whether cerevisterol and fungisterol are sterols. 

Zymosterol. Through the work of Heilbron *” the structure of 
the difficultly accessible zymosterol has been established as 3(0)-hydroxy- 
A 8 (i*)'^^-cholestadiene. The absence of a 5 : &-ethenoid linkage corre- 
lates this sterol with o-spinasterol, but the occurrence of unsaturation 
at C 24 : C 25 is imique and without parallel in steroid chemistry. 

Ergosterol. Apparently pure ergosterol was obtained by Tan- 
ret *” first in 1908, although he doubtless had nearly pure preparations 
some time before this.*” The sterol attracted little attention until 
1926-1927, when it was discovered that irradiation with ultra-violet 
light converts it into a vitamin D. Subsequent work has shown that 
ergosterol is the principal yeast sterol. The content in yeast varies con- 
siderably in the different species*” and is influenced greatly by the 
nature of the substrate on which the yeast is cultured.*** The structure 
of eigosterol (XXIII), as 30S)-hydroxy-24-methyl-A®’^’^8-cholestatriene, 
has been determined principally by Windaus and his school at Gdttingen. 
Because of the importance of this sterol, the details of the investigation 
follow: 

1 . The structure of the side chain was established by studying the 
action of ozone on ergosterol,**® and the products of chromic acid oxida- 
tion of a partially reduced ergosterol.*** In this way a double bond at 
C 22 and a methyl group at C 24 were placed through the isolation of iso- 
propylacetaldehyde and of thujaketone 

CH8C0CH2CH2CH(CH3)CH(CH8)2 

respectively. 

Smedley-Maclean, Biochem, J., 14, 484 (1020); ZS, 22, 980 (1928); Callow, ibid., 
as, 87 (1031) ; HoneyweU and Bills, J. Biol. Chem., 99, 71 (1032) ; lOS, 615 (1933) ; Wielaad 
and Kanaoka, Ann., 530, 146 (1037) ; Heath-Brown, Heilbron, and Jones, J. Chem. Soe., 
1482 (1940). 

Tanret, Compt. rend., 147, 76 (1908) ; Ann. ehim. phys., 8, 15, 313 (1008) ; ef, 
Ratdiffe, Bioehem. J., 31, 240 (1037). 

*** Wieland, Paaedach, and Ballauf, ^nn., 689, 68 (1037) ; 'VTieland and Joost, Ann. 
646 , 103 (1041). 

Tanret, Compt. rend., 168, 08 (1889) ; Ann. ehiUn. phys., 6, 20, 289 (1890). 

HMduachka and Lindner, Z. phyeiol. Chem., 181, 16 (1929). 

*** Bills and co-workera, J. Biot, Chem., 87, 259 (1030) ; 94 , 213 (1031). 

Windaus, Werder, and OseJiaider, Ber., 68 , 1006 (1032). 
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2 . For the determination of the nature of the nucleus, and of the 
position of the hydroxyl, it was necessaiy to have the completely sat- 
urated ei^ostanoL This was finally acMeved by Reindel^^* through 
catalytic reduction of ergosterol with the Adams catalyst. From the 
saturated sterol the hydrocarbon ergostane was prepared. Chromic 
add oxidation of ergostanyl acetate (XXIV) gave 303)-hydroxynoraZZo- 
cholanic add (XXV) of ergostane gave noroZZocholanic add.^®“ These 
two transformations determined the natxue of the nucleus, placed the 
hydroxyl at C 3 , and confiirmed hypotheses based on the study of the j 
dicarboxylic adds obtained by opening ring 



3. The C 3 — OH group was shown to be part of an a, 7 -system with an 
ethylenic bond at C 5 by a series of reactions exactly paralleling those 
for cholesterol (transformation of cholesterol to cholestanetriol,,. etc., 
p. 1354). 

4. The absorption spectrum of ergosterol and the molecular refrac- 
tion indicated that a pair of double bonds was present as a conjugated 
system. This was supported by the fact that ergosteryl acetate forms 
addition products (adducts) with maldc and dtraconic anhydrides.*^ 

Reindel and Walter, Ann., 460, 212 (1928). 

FemholB and^Chakravorty, Ber., 67, 2021 (1934). 
uo Ohuang, Ann., 000, 270 (1933). 

Reindel, Ann., 466, 131 (1928). 

^ WindauB, InhofFen, and v. Reiehel, Ann., 010, 248 (1934). 

V. Auwen and Wolter, Nachr. €fe9. Ww. Gifdingen, 101 (1931). 

^ Alder, in “Handbudb der biol(^;iBohen Arbeitemethoden,** Urban and Scdiwarsen' 
tMTg, Berlin (1933), Abt. 1, TeU 2, Hftlfte 2, Band 2, p. 3138. 
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That the adducts were formed through reaction with the conjugated 
system in the nucleus was established by ozone treatment and by reduc- 
tion to dihydro compounds. From the latter, the maleic and citra- 
conic anhydrides were removed by sublimation. The properties of the 
product, 22-dihydroergosteryl acetate, also indicated the presence of a 
conjugated system.^“ 

6. A clue to the position of the conjugated system in ergosterol was 
obtained by studying the action of fuming nitric acid. From this reac- 
tion mixture, toluenetetracarboxylic acid was obtained.^®® The reaction 
is explicable by assuming the conversion of a partially unsaturated to a 
benzenoid ring, and the wandering of a methyl group. Although the 
mechanism is not wholly clear, the production of this acid placed the 
conjugated system in ring B or C, or possibly distributed between the 
two, and excluded the possibility of its being contained in ring A or D. 

6. Further evidence for the position of the conjugated system was 
obtained by studying neoergosterol. Like the other dehydrosterols, 
ergosterol forms a pinacol when irradiated with visible light in the 
presence of a sensitizer and in the absence of oxygen. Pyrolysis of the 
pinacol splits off methane and produces neoergosterol, C27H40O 
(XXVI). This sterol contains one reactive double bond, which is 


Ergopinacol 

OmUwO* 



present in the rade chain, since ozonization of the sterol produces methyl- 
isopropylacetaldehyde.^** This suggests that by the loss of methane the 

WindauB and Langer, Ann., 508, 105 <1933). 

WindauB and Borgeaud. Ann., 460, 236 (1928). 

^®7 BonBtodt, Z. phyM. Chem., 186, 165 (1929). 
i«® Inhoflfen, Ann., 497, 130 (1932). 
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ring containing tbe conjugated intern is converted to a benzenoid 
structure. Proof of this was obtained by the action of fiuning nitric 
add on,^” and by catalytic dehydrogenation of,^” neoergosterol. From 
the fuming nitric acid reaction mixture, benzenetetracariboxylic add 
(XXVll) was isolated; in neoergosterol a methyl group is therefore no 
longer attached to the ring, which normally is converted to toluene- 
tetracarboxylic add. The catal 3 rtic dehydrogenation with platinum 
black of neoergosterol gave a phenol, dehydroneoergosterol (XXVIII). 
Zelinsky **** has shown that dehydrogenation of a cyclohexane ring by 
the action of platinum black takes place only when no quaternary car* 
bon atom is present. Thus a methyl group is not present at Cio in 
neoergosterol. These reactions limited still further the position of the 
conjugated system to rings B and C. 

7. The podtion of the conjugated system was finally placed at 
5 : 6 • 7 : 8 by studying ergostadienetriol.^“ By the action of perbenzoic 
add, ergosterol was converted into an oxide, which on hydrolysis gave 
ergostadienetriol (XXIX), containing two secondary and one tertiary 
hydroxyl groups.* On reduction, the dienetriol was converted to ergos- 
tanetriol (XXX), which gave the reactions of an a-glycol when tested by 
the lead tetraacetate method of Criegee.^*^ Evidently, 1,2-addition of 

CtHi7 CfHu 




oxygen to the double bond at Cg is the preliminary stage in the formation 
of the o-glycol. The other possible podtion for the conjugated system, 
6 : 7*8 : 9, is definitely excluded, for only by 1,4-addition could an addi- 
tional secondary and a new tertiary hydroxyl group be introduced if 
such a system were present, and the resulting compound would not 
behave like an o-^ycol. 

Honigmamit ^nn., 611, 292 (1934). 

Zdinaky, Ber., 44 , 3121 (1911) ; 46 , 3678 (1912) ; 66 , 1716 (1923). 

^^^WindauB and L&ttringhaus, Ann,, 481 , 119 (1930); Windaus, Inhoffan, and v. 
Badiel, Ann,, 610 , 248 (1934). Cf, Heilbron and co-workers, J, Chem, 8oc,, 1410 (1933). 

Actually two isomers are produced as with the oh(^estanetriols, p. 1366. 

Criecee, Kraft, and Rank, Ann.. 607, 169 (1933). 
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Isomerization of ^gosterol. By a variety of procedures ergosterol 
can be isomeiized. Because of partial reduction, epimerization of the 
Cs — OH by treatment -with sodium etboxide cannot be employed, but 
can be used on certain derivatives of ergosterol. The other methods 
which have been used — the action of hydrogen chloride, subtraction and 
addition of water or hydrogen, addition and subtraction of hydrogen, 
and irradiation with ultra-violet light in the abs^ce of oxygen — evi- 
dently produce a shift of the double bonds or of the hydroxyl group or 
both.*** Alder *“ and Femholz *** have tabulated the several isomers, 
but only the changes produced by irradiation will be discussed here. 

Irradiation Products of Ergosterol. The transformation that takes 
place when ergosterol is irradiated may be schematically represented: '•* 

Suprasterol I 

/ 

Ergosterol — > Lumisterol — > Tachysterol Vitamin D2 Suprasterol II 

(Caloiferol) 

Toxisterol 

All the irradiation products have the same side chain as ergosterol, for 
ozonization produces methylisopropylacetaldehyde in each case.^®® Since 
none of the reaction products forms an insoluble digitonide, it was at one 
time thought that the first change was epimerization of the C 3 — OH. 
It is now evident that this is incorrect, and that probably the initial effect 
of irradiation is a spatial rearrangement of the Cio — CH 3 . The photo- 
change appears to be quite general for 7-dehydrosterols, for analogous 
irradiation products are known for several of the homologs of ergosterol. 

Lumisterol, Of the irradiation products, only lumisterol (XXXI) 
gives Diels’ hydrocarbon when dehydrogenated with selenium,^®® and 



XSXL, LTunisfeerol 


Lettr6 and Inhoffen give a flow sheet of these isomers in **trber Sterine, Qallexif 
sHrUren und verwandte Naturstoffe/’ Enke, Stuttgart (1036), p. 131. 

FemhoU, Tabulae Biologicae Periodicae^ 8, 198 (1933). 

Lettrfi, Ann,, 511, 280 (1934) ; Dimroth, Bsr., 70, 1631 (1937). 

Dimroth, Ber., 68 , 539 (1936) ; MilUer, Z, phyM. Chem,, 883 , 223 (1935), 
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tolueaetetracarbo^lic add when oxidized with fuming nitric add.^*^ 
Althou^ lumisterol does not form a pinacol, there appears to be the 
same conjugated system of double bonds in ring B as in ergosterol.^** 
Both ergosterol and lumisterol are dehydrogenated by mercuric 
acetate to give dehydro compounds in which the new double bond is 
probably at C9 : Cn. The two compounds have the same absorption 
spectra, but on catalytic hydrogenation dehydrolumisterol yields perhy- 
dropyrocaldferol.*®® As is shown later, p3T:ocaldferol is a compoimd in 
which ring B has been opened and then closed by pyrolysis. Clearly 
lumisterol originates by a photochange in the neighborhood of the linkage 
C9 — Cio, and the only change that can be reconciled with the other facts 
is a rearrangement involving the Cio — CHs group. In accord with this 
the epi compounds of lumisterol and of the hydrolumisterols give insolu- 
ble di^tonides. 

Tachysterol. Lumisterol and tachysterol form maleic and citra- 
conic anhydride adducts readily. Indeed, the ease of adduct formation 
with tachysterol is so great that its name (Gr. tachys, swift) is derived 
from this fact. Comparative hydrogenation of the citraconic anhydride 
adducts, or perbenzoic acid titration of the dinitrotoluyl esters of tachy- 
sterol and dehydroeigosterol, shows an equal degree of unsaturation in 
the two compoimds.^®* Since dehydroergosterol contains four double 
bonds, tachysterol must be equally unsaturated. But tachysterol is 
isomeric with ergosterol, and a fourth double bond can be accommodated 
only by the opening of one of the rings, presumably ring B. 

CH3 /CH* 
-CH«CH-CH-CH 

XH, 


ZXXn. Tacbysterol 
(Proylslonal) 

Since the adducts of tachysterol cannot be smoothly ozonized or oxidized 
with potasrium permanganate, it seems probable that the arrangement of 
the double bond is that shown in structure XXXII.®®* 

Gnitms, Nakamiya, and Inhoffen, Ann., 4M, 122 (1032). 

Heflbcon, Spuing, and Stewart, J, Chem, Soc,, 1221 (1935) ; Heilbron, Moffet, and 
Spring* ibiuL, 411 (1937) ; Kennedy and Spring, ibid., 260 (1939). 

MtUier, reference 196. 
jOimroib, Ber., 69 , 1123 (1936). 

^ Qrundmaxin, Z. phynd, Chem*, S6t, 151 (1938). 
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Vitamin D, The story of vitamin D — the discovery and the chem- 
ical characterization of the antirachitic substances produced by irradi- 
ating foodstuffs or sterols with ultra-violet light — ^is one of the scientific 
classics.^®* In 1924 it was noted (Steenbock; Hess) that irradiation of 
foodstuffs with ultra-violet light produced antirachitic properties. Sub- 
sequently the fats were studied, and a clue to the nature of the provitar 
min was obtained when it was shown (Steenbock; Hess; Rosenheim) that 
irradiation of the sterols resulted in very potent preparations. At first 
cholesterol appeared to be the precursor of the potent substance, but it 
was soon found (Hess; Rosenheim; Heilbron) that the activity of the 
irradiated product depended upon the content in cholesterol of a small 
amount of impurity with the absorption spectrum characteristic of 
ergosteroL This was taken (Rosenheim and Webster; Windaus and 
Hess) to indicate that ergosterol was the provitamin D in cholesterol, and 
the view seemed to be justified when finally in 1931 a very potent crystal- 
line compoimd, vitamin D 2 , was isolated from the irradiation products of 
ergosterol. For a time vitamin D 2 was thought to be identical with the 
natural vitamin D of fish-liver oils, but bioassays showed that their 
physiological properties were not the same. The discrepancy led in part 
to the study of the irradiation products obtained from other dehydro- 
sterols, and it is now established that the compound obtained by irradi- 
ating 7-dehydrocholesterol is identical with one of the natural vita- 
mins D. From the r&um6 above it is apparent that there are several 
substances with vitamin D activity which may be produced by artificial 
means, and from the bioassays discussed below there is evidence that 
fish-liver oils contain more than one natural vitamin D. 

The compound now known as vitamin D 2 * or calciferol was isolated 
almost simultaneously by Angus, Askew, Bourdillon, et and by 
Windaus and co-workers,*®* both groups at first obtaining a substance 
(calciferol, old; vitamin DO which was later found to be an addition 
product of lumisterol and vitamin D 2 . By irradiating with a magnesium 
arc, vitamin D 2 , practically free of lumisterol, was obtained by Windaus, 
and, at the same time, the English group found that calciferol could be 
separated from lumisterol by crystallization of the dinitrobenzoyl esters. 
Vitamin D 2 has the following properties: m.p. 115-117®, [a]D + 103® 

*®*R 0 od, struck, and Stock, “Vitamin D,” University of Chicago Press, Chicago 
(1939); Rosenberg, “Chemistry and Physiology of the Vitamins," Interscience Pub- 
lishers, New York U942). 

* Windaus introduced the practice of designating the different vitamins by means of 
subscripts. 

Askew and co-workers, Proc. Boy. Soc. {London) t 107B, 76 (1930); Angus and 
co-workers, ibid., 108B, 340 (1931) ; Askew and co-workers, ibid., 109B, 488 (1932). 

^ Windaus and co-workers, Ann., 489, 262 (1931) ; 498, 226 (1932). Cf. Lattringhaus 
in “Fortschritte der physiol. Chem., 1929-1934,” Verlag Chemie, Berlin (1934), p. 266. 
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(alo.)> potency per mg. « 40,000 international antirachitio units (I.U.). 
Althouj^ the pure vitamin is stable for months at 37°, dl solutions in 
contact with air are somewhat \mstable, and the “half life” of an olive 
oil solution under these conditions is about 3 years.**’* Phydoloipcdly, 
vitamin Dj and the other oompoimds with vitamin D activity regulate 
the phosphorus-calcium metabolism, but how they function is un- 
known.*®* 

The other products formed by irradiation of ergosterol are not anti- 
rachitic, but tachysterol and toxisterol can raise a low blood-calcium 
level to normal. The derivative dihydrotachysterol has been introduced 
into clinical medicine for this purpose under the designation A.T. 10 
(A.T. = antitetanus).*®* 

During the period that vitamin D2 was being studied chemically, 
evidence was accumulating from biological work to show that the natural 
vitamin D of fish oils was different from vitamin Dj, and that vitamin 
D activity could be conferred on cholesterol or on some impurity in 
cholesterol.*®* The differences were definitely established when Wad- 
ddl *®' showed in 1934 that preparations of vitamin D2 and of natural 
vitamin D, of equal potency in rats, did not have the same potency when 
tested on chicks, the natural being far more potent. Shortly before this it 
was discovered that 22-dihydroergosterol could be converted by irradia- 
tion to a substance with antirachitic properties,**® and subsequently this 
irradiation product was isolated in pure form.*** It is now known as vita- 
min D4 and has the properties: m.p. 107-108°; [a jo + 89.3° (acetone); 
potency /mg. = 20,000-30,000 I.U. These two stimuli aroused interest 
again in cholesterol as a precursor of the natural vitamin D. It was soon 
found that cholesterol may be converted via 7-dehydrocholesterol 
(XXXIII) to an antirachitic substance, vitamin Ds, with the same rat: 
chick assay as natural vitamin D concentrates.*** 

The inference that vitamin D3 is the principal natural vitamin has 
been confirmed by its isolation from fish-liver oil and by the isolation of 
7-dehydrocholesterol, provitamin D3, from the sterols of the skin.*** Prior 
to 1936, attempts to isolate the active constituents of fish-liver oil had led 

Bourdilloa, Bruce, and Webster, Biochem. J., 26, 622 (1932). 

BiUs, PhyaioL Rev,, 16, 1 (1936). 

Z. physiol. Chem., 260, 119 (1939). 

Bills, Cold Spring Harbor Symposia Quant. Bid., 8 , 328 (1936). 

Waddell, J. Biol. Chem., 106, 711 (im). 

Windaua and Langer, Ann., 608, 106 (1933). 

Windaus and Trautmann, Z. physiol. Chem., 247, 185 (1937). 
sit ^indaut, Lettr^, and Schenck, Ann., 620, 98 (1936) ; Windaua, Schenok, and 
k Warder, Z. physiol Chem., 241, 100 (1936) ; Grab, ibid., 248, 63 (1936). 

w Windaua and Bock, Z. physid. Chem., 246, 168 (1937) cf. Boer, Reerink, van Wijk 
wd van Niekerk* PtqCp KonvM. Ahod. Wetenschappen Amsterdam, 89, 622 (1936). 
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to concentrates of high potency, but never to the vitamin itself. In 1936, 
Brockmann isolated vitamin Ds from concentrates of tuna-liver oil,^ and 
in 1937 from halibut-liver oil.*^ The isolation was effected through a 
combination of chromatographic analysis of the crude vitamin prepara- 
tion, followed by crystallization and chromatographic analysis of the 3,5- 
dinitrobenzoate of the vitamin. In its chemical and physiological 
properties the natural vitamin Dg agrees with the product obtained by 
irradiating 7-dehydrocholesterol. The accepted constants for vitamin 
Dg are m.p. 82—85"; [ajn + 83.3° (acetone); potency /mg. •= 40,000 
I.U.“« 



The vitamin D content of fish-liver oil varies widely with speties, and 
usually contains small amounts of vitamin The liver oils from the 

members of the percomorph family (mackerel, etc.) are far more potent 
than those from halibut or cod. The varying content of vitamin D in the 
fish oils may be related more to dietary habits, however, than to species. 

The occurrence of vitamin D in fish-liver oil is puzzling. It seems im- 
probable that fish cdn synthesize eitiier vitamin Dg or Dg, and it is possi- 
ble that the vitamins originate from the primary foodstuffs of fish, zo6- 
plankton and algae, which are known to contain small amounts of anti- 
rachitic vitamins. Even more puzzling is the presence of provitamin 
Dg or Dg in the walls of the alimentary canal of certain invertebrates. 
In earthworms and red snails a large percentage of the total sterol is 
eigosterol, while in the homed snail 7-dehydrocholesterol predonainates.”* 

Vitamin Dg. The stmcture of vitamin Dg (XXXTV) has been 
determined by study of the products of oxidative degradation of the vita- 
min or of the dihydrocalciferol maleic anhydride adduct. Previous to 

Brockmann, Z. physiol. Chem., >41, 104 (1030) ; Brockmann and Chen, ibid., 141, 
129 (1936). C/. Simona and Zueker, J. Am. Chem. Soe., 08, 2666 (1936). 

Brockmann, ibid., MS, 06 (1937) ; Brockmann and Buaae, ibid., M9, 176 (1937). 

*“ Schenck, N^wrwissensdiaften, IS, 169 (1937). 

*’'* Braokmann and Buaae, Z. physud. Chem., 106, 262 (1938). Cf. Billa, Maaaencale, 
and Tn jividiin , Seienee, 80. 600 (1934) ; Billa and co-vorketa, J. iVidrition, IS, 436 (1037). 

Book and Wetter, Z. pkysud. Chem., ISO, 33 (1938). 
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this work it was known from microcatalytic hydrogenation that vita- 
min D2 contains four double bonds of which three can be detected by ti- 
tration with perbenzoic acid,®®® and that reduction with sodium and ethyl 
alcohol gives a dihydrovitamin that perbenzoic acid titration shows to 
have three double bonds.®®® With maleic anhydride, calciferyl acetate 
forms two isomeric a- and |8-adducts which are easily reduced to dihydro 
compounds (XXXV) in which the side chain is saturated. These vitamin 
and dihydrovitamin adducts are much more stable than those from 
ergosterol and tach3rsterol, and they may be distilled without decompo- 
sition. Ozone, acting on the dihydro adducts, degrades them to a 
ketone (XXXVI), Ci9H340.®®^ The structure of this ketone is arrived at 
indirectly. Selenium dehydrogenation of the dihydro adduct forms 2,3- 
dimethylnaphthalene, and palladium dehydrogenation yields )3-naph- 
thoic acid and naphthalene. These dehydrogenation products must 
originate from ring A and the ring system produced in adduct formation. 
The production of 2,3-dimethylnaphthalene and of jS-naphthoic acid is 
particularly significant, since their formation shows the course of the 
adduct formation to be by addition at Ce and Since the selenium 

dehydrogenation to 2,3-dimethylnaphthalene results in the reduction of 
carboxyl to methyl groups, and this kind of dehydrogenation was unique 
at the time, the result has been checked by the study of a number of 
model dehydrogenations.®®® 

Further evidence for structure XXXIV has been obtained by direct 
oxidation of vitamin D2 with cold chromic acid or permanganate to an 
oily aldehyde (XXXVII), C2iH340.®®® The semicarbazone of this alde- 
hyde absorbs in the ultra-violet with a maximum at 275 m/x, as do other 
semicarbazones of a,j8-unsaturated aldehydes. Under other conditions 
permanganate oxidation yields the A^^-unsaturated ketone corresponding 
to XXXVI. * Ozone oxidation of vitamin D2 gives as high as 30 per cent 
of the theoretical formaldehyde formed by the rupture of the methylene 
linkage at Cio : Cis- This last bit of evidence is not free from objection, 
however, since similar treatment of ergosterol gives small amounts of 
formaldehyde.®®* 

Transfoimation Products of Vitamin D2. When vitamin D2 is heated 
for four hours at 180®, its potency is completely destroyed and two pyro- 

Kuhn and M5ller, Angev>. Chem., 47 , 145 (1934). 

Windaus, Linsert, LUttringhaus, and Weidlich, Ann., 492 , 226 (1932). 

Windaus and Thiele, Ann., 921 , 160 (1936). 

Thiele and Trautmann, Ber., 68, 2245 (1935). 

*®®Heilbron, Jones, Samant, and Spring, J. Chem, Soc,, 906 (1935). 

* On treatment of this ketone with acid or alkali irreversible rearrangement occurs, 
indicating conversion of a iroTis to a cts form. According to Dimroth and Jonsson, Ber., 
74 , 520 (1941), this change confirms the trans rdationship of rings C/D (p. 1371). 

*** Winda^ and Grundmann, Ann., 624 , 295 (1936). 
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isomers, isopyrovitamin D 2 ®** and p 3 npocalciferol,®“ are produced. The 
nature of this isomerism has been examined by Ti^ndaus.*** Both 
Uiese compounds are triply unsaturated and give Diels’ hydrocarbon 
when dehydrogenated with selenium, or toluenetetracarboxylic acid 
when oxidized with nitric add.*** Isopyrovitamin D 2 forms an insoluble 
digitonide, but pyrocalciferol does not. If isopyrovitamin D 2 is dehy- 
drogenated by treatment with mercuric acetate or perbenzoic add, 
dehydroergosterol is obtained. Pyrocalciferol, on the other hand, is 
dehydrogenated by mercuric acetate to dehydrolmnisterol. Since dehy- 
drogenation with mercuric acetate destroys the asymmetry of Cg through 
the introduction of a double bond at Cg : Cn, it follows that ergosterol 
and isopyrocaldferol are stereochemically similar about Cio> but dissimi- 
lar about Cg. Lumisterol and pyrocalciferol are likewise similar at Cio 
and dissimilar at Cg. As the previous discussion has shown, liunisterol 
differs from ergosterol in the steric position of the Cio — CH 3 group, and 
it is improbable that epimerization of the C 3 — OH group has occurred in 
any of these compoimds. Thus the interrelationship about the centers of 
assneometry, Cg and Cio> has been represented by Windaus as follows: 



C 9 

Cio 

Ezigosterol 

+ 

+ 

Isopyrovitamin D 2 

— 

+ 

Lumisterol 

+(7) 


I^rocalciferol 

-(7) 

— 


Cio 

Dehydroergosterol + 

Dehydrolumisterol — 


Kennedy and Spring *** have examined pinacol formation and arrived at 
different concltisions. Ergosterol and pyrocalciferol, in the form of their 
acetates, readily form pinacols, while isopyrocalciferol and lumisterol do 
not. The EngUsh workers argue that this indicates a trana relationship 
about the centers Cg and Cio ht the first pair, and a da relationship 
about tiiese same centers in the second pair. 

Inversion of the Cg — in these pyroisomers does not interfere with 
thdr ability to undergo photoisomerization when irradiated with ultra- 
violet light. The photoproducts are not antirachitic, however, and the 
photinsomerization may be reversed merely by heating in the absence of 
air. The photoproducts do not absorb in the ultra-violet, and it is 
posdble that the conjugated system has been destroyed by a shift of the 
5 : 6 (iouble bond to the 4 : 6 position.*** 

Irradiation of vitamin Dg destroys its potency and converts it into 
a mixture of suprasterols I and II, and a poorly defined substance, 

*** tVliMiMM and Dimroth, Ber., 70, 370 (1937). 

MDlmrodi. B«r., 70, 1631 (1037). 
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toxisterol.®^ Supfasterola I and II differ in that the fonner contains 
three, and the latter four, double bonds.^** 

Structure and Antirachitic Activity. Structurally the irradiation 
products from all the 7-dehydrosterols are similar to the corresponding 
products from ergosterol In many instances the individual compounds 
have not been isolated, but enough work has been done on the vitamin D 
group that some generalizations on structure and antirachitic activity 
may be made. The irradiation products from ergosterol, 7-dehydro- 
cholesterol, 22-dihydroergosterol, and 22,23-oxidoergosterol have ac- 
tivities of the same order of magnitude, diminishing in the order given; 
that from 7-dehydrositosterol has only slight activity; and those from 
7-dehydrostigmasterol and from A®'^-androstadiene-3,17-diol are 
inactive. Thus, the structure of the C17 side chain is one of the principal 
factors in antirachitic activity. Epimerization of the C3 — OH of vitamin 
D2 or D3,®®® or conversion of this hydroxyl group of vitamin D2 to 
carbonyl, greatly diminishes the activity but does not destroy it com- 
pletely. As cited above, inversion of the C© — H in ergosterol, and pre- 
sumably in the other 7-dehydrosterols, prevents the normal course of 
irradiation and inhibits production of antirachitic activity completely. 

There are probably compounds with anthachitic properties other 
than those described above, all of which result from ultra-violet irradia- 
tion of 7-dehydrosterols. Some of the possibilities that must be con- 
sidered are the antirachitic substances that have been produced in 
cholesterol by the action of fuller^s earth, butyl nitrite,®®* etc. These 
substances may fit into or modify the general structural pattern that is 
implied from the structure of vitamin D2. 


THE BILE ACIDS 

Most of the bile acids isolated from nature are hydroxy derivatives of 
cholanic acid (I). The position and number of these hydroxyl groups 

Laquer and Linsert, Klin. Wochackr., 19, 763 (1933). 

**• 7-Dehydrocholesterol : Windaus and co-workers, Ann,, 688, 118 (1937); 687* 
1 (1938) ; Z. physiol. Chem., 260, 181 (1939). 22-Dihydroergo8terdl : Windaus and GUnteel, 
Ann.. 688, 170 (1939). 

Windaus, Linsal, and Buchhols, cited by Dimroth and Faland* reference 232. 

Wunderlich, Z. physiol. Chem.t 241, 116 (1936). 

linsert, ibid., 241, 126 (1936). 

Dimroth and Paland, Ber., 72, 187 (1939). This compound differs from ergosterol 
in that the C17 side chain is replaced by hydroxyl. 

*** Windaus and Naggatz, Ann., 642, 204 (1939) ; Windaus and Buchholz, Ber., 72, 
097 (1939). 

*•* Windaus and Buchholz, Ann., 266, 273 (1938). 

Yoder, J. Biol Chem., 116, 71 (1936) ; Eck and Thomas, ibid., lit, 621, 631 (1937); 
Kawaaald, J. Pharm. 8oe. Japan, 69, 418 (1939) [C. A., 84, 1028 (1940)]. 
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vary somewhat with the source of the acid. These bile acids are excreted 
in conjugation either with glycine or with taurine. In Herbivora the 
glycocholates predominate, while in Carnivora the taurocholates are 
more abundant; but the natiire of the conjugation depends more on 
species than on diet.®®* 

The derived bile acids obtained by degrading various steroids are 
derivatives either of cholanic acid or of its C 5 stereoisomer, aUocholanic 
acid (II). The properties and sources of the important natural and de- 
rived bile acids are listed in Table II. Of these, cholic, desoxycholic, and 
a-hyodesoxycholic acids are the natural bile acids that are readily 
available. 

The bile acids are products of the synthetic activity of the liver and 
may originate, in part, from amino acids.®®*^ Relatively large quantities 
of these acids are formed in the liver; a dog of average size, for example, 
produces about 1.5 g. per day. Conjugation with glycine or with taurine 
appears to be a detoxication mechanism.®®* 



Isolation. In the bile some unconjugated bile acids probably are 
present, but the conjugated compounds predominate. The latter may 
be isolated in an impure state by salting out, or dried bile may be crystal- 
lized from absolute alcohol. After the peptide linkage is hydrolyzed with 
alkali, the free bile acids are isolated by crystallization from organic sol- 
vents, or a separation may be effected by extracting an ethereal solution 
of the mixed bile acids with various concentrations of hydrochloric acid. 
Cholic acid (3,7,12-trihydroxy) is extracted from an ethereal solution by 

Shimizu,* ^tjber die Chemie und Physiologie der Gallens&uren,** Muramoto, Okayama 
0»35). p. 47. 

Whipple and co-workem, J. Biol Chern,, 80 , 658, 671, 685 (1928) ; 89 , 689, 705 
(1930) ; Thannhauaer and co-workers, Arch, expU, Path, Pharmakol,, 130 , 292, 308 (1928) ; 
Jenke, ibid,, 183 , 175 (1932) ; Schindel, ibid,, 166 , 36 (1932) ; Schoenheimer, Rittenberg, 
Berg, and Rousselot, J. Biol, Chem., 116 , 635 (1936). 

^^BtorraU, Physiol. Rso„ 11 , 122 (1931); Strain and Marsh, Am, J, Physiol,, 116 , 
82 (1936). 
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TABLE II 

Natdbal and Derived Bile Acids * 


Bile Acid t 


Position of 
Hydroxyl 
Groups 


M.P. 


Nd 

(Alcohol) 


Bile Source t 
or 

Derivation 


Ckolanic Acids, CHH 40 O 2 


AZZocholanic 

170 

+22.2'>§ 

a-Hyodesoxycholic 

Bufocholanic 

236 

-20.6 

Bufodesoxy cholic 

Cholanic 

164 

+21.6 

Cholic, desoxycholic, etc. 


3-Hydroxy o/iocholanic 
/3-3-HydroxyaZ/ocholanic 

6- Hydroxy oZZocholanic 
Lithocholic 
^-3-Hydroxycholanic 

7- Hydroxy cholanic 
12-Hydroxycholanic 
Isolithocholic 


Monohydroxy Adds, C 24 H 4 oOi 


3(«) 

208-210 

+25.4 

3(/3) 

218 

+ 17.2 

6 

228 


3(a) 

185-186 

+32.7 

3(/3) 

176-177 

+25.3 

7 

96-102 


12 

90-95 


(?) 

185 

+94.3 


Dihydroxy Adds, C24H40O4 


Hyodesoxycoolic 
Hyodesoxycholic, dihydro- 
cholesterol 
Hyodesoxycholic 
Man, ox, cholic 
Lithocholic, coprosterol 

7 . 1 2- Dihydroxy cholanic 

7. 12- Dihydroxycholanic 
Goose (T), hen (T) 


Bufodesoxy cholic 

3. (?) 

197 

1 +37 

Chenodesoxycholic 

3(a), 7(a) 

140 

+ 11.1 

(anthropo, gallo-) 




Desoxycholic 

3(a), 12 

176.5 

+55 

7,1 2-Dihydroxycholanic 

7(a). 12 

226-227 


j8-7, 12-Dihydroxy cholanic 

7(/8), 12 

208 


a-H y odesoxy choli c 

3(a), 6 

196 

+ 8.4 

j8-Hyodesoxycholic 

3(/3). 6 

189-190 

+ 5.1 

AZZohyodesoxycholic 

3, 6 

274 


a-Lagodesoxy cholic 

3(a), 12 

156-157 

+80.4 

j8 -Lagodesoxycholic 

(?). (?) 

213 

+37.4 

I) rsodesoxycholic 

3(a), 7(^) 

203 

+67.07 


Trihydroxy Adds, 

C24H40O6 

Cholic (cholalic) 

3(a). 7(a), 

196-198 

+35 


■ 12 



Nutriacholic 

(?),(?).(?) 

198 


j9-Phocaecholic 

3, 7. 23 

222-232 

+27.3 


Tetrahydroxy Adds, C24H40O6 


3,7.8.12-Tetrahydroxycho- 3, 7, 8. 12 223-226 


Toad (T) 

Goose (T), hen, man, ox, 
cholic 

Man (G and T), ox (G). 
sheep, dog, goat (G and 
T) , rabbit (G), deer, cholic 
Cholic 
Cholic 

Fig (G) , hippopotamus 

Pig 

a-Hyodesoxycholic 
Rabbit (G) 

Rabbit (G) 

Polar bear (T) 


Man (G and T), ox (G and 
T), sheep, dog (T), goat, 
sn^e (T), fish (T) (Ap- 
parently present in most 
species.) 

Otter (G) 

Walrus (T), seal (T) 


Rabbit (?) 


lanic 


♦ Data largely from Sobotka, “The Chemistry of the Sterids,” WiUiams and Wilkins, Baltimore 

t ^he configuration of rings A/B is eis in cholanic acid and its derivatives, trang in the oZZocholanic 
acids, and undetermined in the “bufo” acids. , 

X The letters in parentheses indicate the type of conjugation (G * glycine, T taurine) in the 
different species. 

S In chloroform. 
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16 per cent hydrochloric acid; the dihydroxy acids, desoxycholic and 
ehenodesoxycholic, are removed by 25 per cent hydrochloric acid, and the 
monohydroxylithocholic acid is scarcely extracted at all by concentrated 
hydrochloric acid. Using this extraction procedure, Wieland has been 
able to obtain from 10 liters of winter beef bile 439.9 g. of cholic, 81.3 g. 
of desoxycholic, and 81.2 g. of chenodesoxycholic acids. The acids that 
are present in small amounts in the various biles are extremely diflS.cult 
to isolate and, for the most part, have not been investigated. 

Nomenclature. Many of the names commonly used for the bile 
acids contain a prefix that shows the source of the acid. The application 
of this terminology is apparent from Table II. Systematically the acids 
are named as derivatives of cholanic acid or its stereoisomer, aZZocholanic 
acid, but no system has been developed for the degradation products 
formed by oxidation. These compounds must be referred to by the 
colorful names which were given them when their structures were but 
partially known. Certain general rules are followed, however. The tri- 
carboxylic or ketotricarboxylic acids formed by opening ring A at C3 — C4 
are known as bilianic acids; the several bilianic acids are differentiated by 
means of prefixes describing the parent compounds; thus lithocholic acid 
gives lithobilianic acid (p. 1361). Opening of ring A at C 2 — C 3 leads to 
the formation of isobilianic acids. The name thilobilianic acids is applied 
to the tricarboxylic acids obtained by oxidative cleavage of ring B. The 
etiobilianic acids are formed by opening ring D after the C 17 side chain 
has been completely removed (cf. p. 1361). The names of several other 
types are given in the preceding and subsequent sections. 

The Nuclear Hydroxyl Groups. The bile acids may be hydroxylated 
in the nucleus at positions C3, Ce, C79 and C12, or in the side chain at C23. 
Apparently, all the natural bile acids have an hydroxyl group at C3, and 
usually this is in the o-configuration. From hog bUe, however, a- and 
jS-hyodesoxycholic (3,6-dihydroxycholanic) acids have been isolated, and 
these appear to be epimeric about Ca.**® There may be a further example 
of C3 — OH epimerism in the a- and / 3 -lagodesdxy cholic acids (p. 1424), 
but the large difference in the specific rotations of the two makes this 
seem improbable.*" Similarly, the monohydroxy acids, lithocholic and 
isolithocholic, may be epimeric at C3, but here the values for the specific 
rotation suggest that they are position rather than space isomers (cf. 
Structure and Optical Rotation, p. 1378). The spatial configuration of 
the Cs — OH has been established by the oxidative degradation of epi- 
ooprosterol to lithocholic acid;*" by the changes involved in the formation 

*** Wietrad and Siebert, Z. fkyrioL Chem., Mt, 1 (1030). 
ibid., MS, 280 (1037). 

Kitiii. Odd., MS, 210 (1036). 

*** Bosicka and OoldtMrg, Helv. Chim. Aeta, IS, 668 (1036). 
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of litliochdic add from 3(|8)-hydroxy-A®-choleiuc add, a product of the 
oxidative d^radation of dibromocholesterol; *** by the convardon of 
lithocholic acid to a number of degradation products of eptcoprosterol; ^ 
and by the fact that the esters of lithocholic add do not form insoluble 
diptonides, while the esters of eptlithocholic acids do.’" As is shown 
later, the prindpal bile acids may be ccmverted to lithocholic add, and 
thus the configuration that obtains in lithocholic applies to the other 
adds. 

The steric position of the C7 — OH is not the same in all the bile adds. 
From the work of Lettr6 (p. 1378), the C7 — OH of cholic and of chenode- 
soxycholic acids is known to be in an a-configuration, or tram to the 
Cio — CH3. Ursodesoxycholic add, the characteristic bile add of the 
polar bear, is stcreoisomeric at C7 with chenodesoxycholic add.’" In 
both Or and jS-hyodesoxycholic acids, the Cg — OH is assumed to have an 
a-configuration.*^’ In several of the bile adds an hydroxyl group is 
present at C12. This hydroxyl group probably occupies an a- (or tram) 
configuration with respect to the adjoining C13 — CH3, since catalsrtic 
hydrogenation in acetic acid (neutral medium) of dehydrocholic (3,7,12- 
triketocholanic) acid, or of dehydrodesoxycholic (3,12-diketocholanic) 
add, returns the oiipnal bile acid.*^® 

There are marked differences in the reactivity of the several nuclear 
hydroxyl groups. On the basis of the ease of esterification and of dehy- 
drogenation, Wieland *" suggested that the reactivity of the hydroxyl- 
hydrogen is in the order C7 >C3 >Ci2, and that an hydroxyl group at Cg 
is more reactive than one at C3. Later work, however, shows that cold 
chromic add oxidation converts hydroxyl groups at C7 and C12 to 
carbonyl without acting on the C3 — OH.*“ Deacetylation of acetyl 
compounds proceeds more readily at C3 than at Cr.*** 

Similar differences in reactivity are foimd in the dehydro(keto)- 
cholanic acids. Catalytic hydrogenation of the carbonyl group proceeds 
most easily at C3, with intermediate ease at Cg and C7, and with diffi- 
culty at Ci2* With Clemmensen reduction only the Cg carbonyl can be 

*** Sduwohdmer and Berliner, J. Bid. Chem., 115, 19 (1936) 

Bdndd and Niederltoder, Ann., 699, 218 (1936). 

** Reindd and Niederl&nder, Ber., 68, 1243 (1936). 

. *** Ivasaki, Z. pkyaiol. Chem., 944, 181 (1936) ; Mijraji, ibid., 950, 31 (1937) ; Mijraji 
and laalca, J. Biodem. {Japan), 80, 297 (1939) [Chem. Zentr., (I) 2166 (1940)]. 
Tukamoto, J. Biochem. (Japan), 99, 461, 461 (1940). ^ 

** Boiwshe and Feeke, Z. pAyeiol. Chem., 176, 109 (1928). ' 

*** Wieland and Dane, ibid., 910, 268 (1932) ; Wieland, Dane, and Martina, ibid., 915, 
16 (1933). 

***> Easiro and RMmmlA. , ibid., 949, 220 (1937) ; Bergetoom and Hadewood, J. Chem 
SoCet 640 (1039). 

sii ViTieland and Kapitel, Z, physiol, Chem^t 211, 269 (1932)* 
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reduced,*®® whUe with WolfF-Kishner reduction a C 3 carbonyl is abnor- 
mally converted to hydroxyl imless an excess of hydrazine is used.“® 

The characteristic bitter taste of bile is due to the bile acids. This 
taste is a function of the degree of hydroxylation, for the mono- and dihy- 
droxy acids are tasteless. Conjugation with glycine or taurine enhances 
and modifies the taste considerably, producing in many instances an 
initial sweet taste which is rapidly replaced by bitter. 

The Unsaturated Bile Acids. \^en the bile acids are heated in 
vacuo, dehydration occurs with the production of mixtures of isomeric 
unsaturated acids.*®® The physical properties of certain of these unsat- 
urated acids are shown in Table III. The course of the dehydration is 

TABLE III 

The Unsaturated Bile Acids 


Acid 


ae-Lithocholenic (A* ?) 

/3-Lithocholenic (A® ?) ' 

A®-Cholemc (?) 

30)-Hydroxy-A®-cholenic 

Apocholic (3,12-dihydroxy-A®'^^ ?) 

Dihydroxycholenic (3, 12-dihydroxy- ?) — 

Isodihydroxycholenic 

3(/S)-Hydroxy-A®’Lcholadienic 

o-Dihydroxycholadienic 

/9-Dihydroxycholadieiiic ?) 


Formula 


024113802 

C 24 H 38 O 2 

O24H38O2 

O24H38O3 

C24H38O4 

C24H38O4 

C24H38O4 

C24H36O3 

C24H3604 

C24H36O4 


M.P. 

"C. 


156 

160 

160 

241-242 

173-174 

256-256 

198 

214-216 

252- 256 

253- 255 


[«1d 

(Alcohol) 


-fl6.3“ 

-1-18.7 

- 66.8 

-1-46.5 

-f-57.6 

-I- 5.9 

-69 

-36.6 

+71 


illustrated by the products formed from lithocholic [3(a)-hydroxycho- 
lanic] acid.*®® The mixture obtained on dehydration contains about nine 
parts of an a-acid and one part of a higher-melting /5-acid. The lower- 
melting a-lithocholenic acid is probably unsaturated at C2 : C3, and the 
/ 8 -lithocholenic acid at C3 : C4. Separation of the mixture is effected by 
bromination and crystallization of the dibromides. In this way, three 
dibromides are obtained, one melting at 171®, another at 233®, and the 
third at 240®. The two melting at 171® and 233®, respectively, give 
a-lithocholenic acid when debrominated with zinc; these two dibromides 
are probably epimers in which the bromine is cis, cis in one, and trans, cis 
in title other. 

KawM, ibid,, 214, 71 (1933). 

^ ^uxniau, Oda, and Makino, ibid,, 213 , 136 (1932). 

SM Wi^d, KrauB, Keller, and Ottawa, ibid,, 241 , 47 (1936). 
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The removal of water from ring B takes place largely through the 
splitting off of an hydroxyl with an adjacent tertiary hydrogen. An 
example of this is the dehydration of 6-hydroxyaKocholanic acid to a 
Zevorotatory compound, which probably is unsaturated at C5 : Ce. In 
ring C with the hydroxyl group at C12, dehydration can give but one 
product, as C13 is quaternary. 

Acid dehydrating agents, such as zinc chloride and sulfuric acid, 
remove water from ring B in cholic and chenodesoxycholic acids. In the 
case of cholic acid, the principal product is apocholic acid, which appears 
to have the structure 3, 12-dihydroxy- A® ^^^^-cholenic acid. In smaller 
yield there is obtained a dihydroxycholenic acid, which may be unsat- 
mated at C14 : It can be hydrogenated to desoxycholic acid, but 

apocholic acid cannot be reduced catalytically. Treatment of apocholic 
acid with hydrochloric add partially rearranges it to an isodihydroxy- 
cholenic acid, which is also obtainable from cholic acid by the action 
of hydrogen chloride; isodihydroxy cholenic acid cannot be reduced 
catajytically. Evidently the isomers result from a rearrangement of a 
double bond about Cg, or from Cg to a neighboring carbon atom. In a 
general way, there appears to be an analogy between these compounds 
and the a-stenols (p. 1387). 

Bromine dehydrogenates apocholic acid to a mixture of two isomeric 
acids, a- and jS-dihydroxycholadienic acids.^^® The mechanism is addi- 
tion of bromine followed by spontaneous loss of hydrogen bromide. 
The two acids may be produced from apocholic acid by the action of 
perbenzoic acid to give the a-dienic, or selenium dioxide to form the 
j8-dienic acid.^®^ Both these dienic acids can be partially hydrogenated, 
the a-dienic acid yielding apocholic acid, and the jS-dienic acid an isomeric 
jS-apocholic acid which may be stereoisomeric about C9. Isodihydroxy- 
cholenic acid, when dehydrogenated with bromine, gives a dienic acid 
differing from the known isomers, and hydrogenation of the dienic acid 
likewise gives an unidentifiable product.^®® 

Bile acid analogs of the 7-dehydrosterols have not been investigated 
for pinacol formation and for phototransformations, although 3(i3)- 
hydroxy-A®*^-choladienic acid has been prepared from 3(i8)-hydroxy-A®- 
cholenic acid.®** It is known, hovrever, that irradiation of apocholic acid 

Boedeker, Ber., S3, 1852 (1920) ; Boedeker and Volk, Ber., 64, 2489 (1921) ; Borsche 
and Todd, Z. physiol. Chem., 197, 173 (1931) ; Wieland and Dane, ibid., 213, 263 (1932) ; 
Yamasaki, t&id., 220, 42 (1933); 283, 10 (1935); Yamasaki and Takaliadii, ibid., 206, 
21 (1938). 

S66 and Deulofeu, Z. physiol. Chem., 198, 127 (1931). 

Callow. J. Chem. Soc., 462 (1936). 

••• Wieland, Dietz, and Ottawa, Z. physiol. Chem., 244, 194 (1936). 

**• Haalewood, J. Chem. Soc., 224 (1938) ; of. Dane and Wulle, Z. physiol. Chem., 267, 1 
(1940). 
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or of dioxycholenic add without a sendtiaer produces au equilibrium 
mixture of the two adds.^*** 

The Color Reactions of the Bile Acids. The unsaturated adds are 
probably intermediates in the color reactions given by the bile adds. 
In the Pettenkofer reaction, or its modifications, an aqueous solution of the 
bile add is treated with concentrated sulfuric add in the presence of 
sugars, furfmaldehyde,**® or other aldehyde.*** The violet color pro- 
duced by cholic and apocholic add, when dissolved in 25 p^ cent hydro- 
chloric add, is known as the Hammarsten reaction.^** The color produced 
by the addition of solid bile acids to concentrated sulfuric add is the 
Liebermann reaction.^^ As with the color reactions of the sterols, color 
production is probably due to the formation of halochromic salts. 

Transsfoimations of the Nucleus. The nuclear hydroxyl groups 
weaken the several rings at the point of attachment, and, by the proper 
selection of oxidizing agent, stepwise degradation may be effected. Cold 
chromic add produces the least change, converting the carbinol groups to 
carbonyl to form the dehydro acids,*®* while concentrated nitric, add 
and potassium permanganate open the rings. The possibilities of such 
transformations are illustrated in the degradation of desoxybilianic 
acid (p. 1363). Concentrated nitric acid acting over a period of time on 
this acid not only opens ring C, but also probably oxidizes the Cio 
methyl group to carbo^l, forming chollepidanic acid (Or., lepis = 
scale) (III).**' Less vigorous treatment with nitric add merely opens 
ring C to produce choloidanic add (IV).*** Pyrocholoidanic add (V), 
the p 3 nrolytic product from IV, on oxidation first with permanganate 
and then with nitric acid, passes through the stage of prosolanellic acid 
(VI) to solanellic add {solits aneUus = one ring) (VII); **• pyrosolancllic 
add (VIII) in turn yields biloidanic acid (IX).*'* The last may be 
produced more eadly by the action of mixed adds on bilianic add (XI),*" 
the product of partial nitric add oxidation of dehydrocholic add (X). 

Shn, Z. physiol. Ckem., S57, 232 (1938). 

Pettenkofer, Ann,, 5S, 90 (1844). 

^ Mylius, Z, phyaioU Chem., It, 402 (1887) ; Gregory and Paeooe, J, Biol, Chem., 8S, 
80 (1020) ; Reinhold and Wilson, ibid,, 96, 637 (1032). 

SM Woker and Antener, Helv, Ghim, Acta, 27, 1345 (1938) ; Kaziro and Shimada, Z, 
phyHol Chem.f 264, 57 (1938). 

Hammarsten, Z. physiol, Chem,, 61, 495 (1909) ; Yamasaki, ibid,, 220, 42 (1933). 

Dane, Tabulae Bidlogicae Periodicae, HI, 58 (1933), for tabulation of color 

*** Hammaraten, Ber., 14, 71 (1881). 

*** Wkland and Kraft, Z. j^ysioi. Chem,, Sll, 203 (1032). 

Widand and Eulenkampff, Ond., 108, 806 (1020). 

**»Wklai»i and Scdiulenburg, ibid., 114, 167 (1021). 

*"SdMDdc, ibid., 110, 167 (1020) ; lU, 38 (1021). 

*" inolMid and ScUichting. ibid.. 110, 76 (1022). 
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Bilianic acid when oxidized with peimanganate suffers oxidation in 
ring B to give a triketo acid (XII) which, when treated with acid, 
undergoes a benzilic adid rearrangement to form cili a ni c acid (XIZl).^^ 
*» Sohanck, ibid., 8T. 60 (1013) ; MS, 81 (1036) ; 844, 245 (1036). 
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Chromic acid oxidation in the cold of a-hyodesoxycholic acid gives 
the dehydro acid, 3,6-diketocholanic acid, which is readily isomerized to 
the alio series by warming with strong acids or alkalies.^’® The result- 
ing 3,6-diketoaZiocholanic (jS-dehydrohyo) acid serves as a source of a 
variety of alio derivatives. a-Hyodesoxycholic acid (XIV) is converted 
by the action of hypobromite to an hydroxy tricarboxylic acid (XV), 
which may be reduced by the action of hydrogen iodide to lithobilianic 
acid. Treatment of the hydrox 3 rtricarboxylic acid with sodium ethoxide 
dehydrates it to lithobilienic acid, and this acid is converted by catalytic 
hydrogenation to aZZolithobilianic acid (XVI). The isomeric aZZo- 
isolithobilianic acid (XIX) is obtained from 3,6-diketoaZZocholanic acid 
(XVII) by permanganate or hypobromite oxidation to a 6-ketotricar- 
boxylic acid (XVIII), which is then reduced by the Wolff-Kishner 
method to the desired alio acid. As has been cited previously, these 
isomeric bilianic acids played an important part in the establishment of 
the spatial configuration about Cs (p. 1369). 



Cold 

CrOs oxldaUoD, 
and 

rearrangement 



Bufocholanic Acid. From the bile of the toad, the specific dihydroxy 
bile add, bufodesoxycholic, has been isolated; it differs stereochemi- 
cally from the others. The corresponding dehydro add can be reai> 

*”W1]idaua and Bohne, Ann., 4SS, 278 (1923); Windaus, Ann., 447, 233 (1926); 
Shibujra and Mild, Z. jOiyrid. Chem., 206, 279 (1932). 

t?t Okamvra. J. Biochem. (.Japan), 8, 351 (1928) ; 10, 5 (1928) ; 11, 103 (1929). 
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ranged like dehydrohyodesoxycholic acid, but the bufocholanic add pro- 
duced by Clemmensen reduction of these two dehydro adds is not iden- 
tical with either cholanic or aZlocholanic add. On opening ring A of 
these bufodehydro adds by the action of hypobromite, ketotricarboxylic 
adds are produced, which, on Clemmensen reduction, are converted to 
oKolithobilianic add. From this evidence, one of the hydroxyl groups is 
placed at Ca, but the position of the other hydroxyl is uncertain. Obvi- 
ously this second hydroxyl group is adjacent to one of the centers of 
asymmetry. 

The Cio — CHs Group. With many of the bile acids^ pyrolysis in an 
atmosphere of carbon dioxide splits off the Cio — CH3 as methane. The 
reaction parallels the conversion of the sterol pinacols to the norsterols. 
The lability of the methyl group is markedly affected by structure; for 
example, in apocholic acid, more than a third of the molecule suffers this 
type of change, but with most of the bile acids very little methane is split 
off. 27 *i 

Molecular Compounds. The property of forming molecular com- 
poimds is pronounced in the bile acids, and, as commonly obtained, 
they crystallize with a molecule of solvent of crystallization. One of the 
unique molecular compounds is the blue compound (C24H40O6 • 1)4 • 
KI -1120, formed when an alcoholic solution of cholic acid and a solution 
of iodine in potassium iodide are mixed in the correct propor- 
tions.2’® 

With any of a wide variety of substances, desoxycholic acid forms a 
series of water-soluble molecular compounds which are collectively 
known as the choleic adds. The compounds formed with the fatty acids 
were the first examples noted and have since received considerable 
study With increasing molecular weight, the molecular ratio of bile 
acid : fatty acid changes from 1 : 1 with acetic acid to 8 : 1 with stearic 
acid. The variations are shown graphically in Fig. 1 both for fatty adds 
and dicarboxylic acids. Since formation of choleic acids is due to coor- 
dinate valences, the compounds are conveniently described by a coordi- 
nation number which expresses the number of molecules of desoxycholic 
acid combined with one molecule of a second substance. As the curves 
show, the ratio changes by steps. The significance of this is a matter of 
speculation, but usually there is assumed to be a packing of molecules 
aJong the lower edge of the nucleus and the side chain (c/. structure 1) 

*« Widand and Dane, Z, physiol, Chern,, Z12. 263 (1932). 

*»• MyUue, ibid,, 11 . 306 (1887) ; Ktister. Z, physik, Chem,, 16 . 166 (1896) ; Barger and 
Field. /. Chem. Soc„ 101 . 1404 (1912). 

Wi^nd and Sorge. Z, physiol, Chem,, 97. 1 (1916) ; Bbeinboldt and co-workera. 
-4nn., 451 . 266 (1927) ; Z, physiol, Chsrn,, 180 . 180 (1928) ; Ann,, 478 . 249 (1929) ; /. prakt, 
Chem,, 168 . 313 (1939) ; Sobotka and Goldberg. Biochem, J„ 86 , 666 (1932). 
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caused by the “enhaudag” effect of the hydroxyl group at Ci 2 . Sup- 
porting evidence for this theory is furnished by the fact that apocholio 
add forms coordination compounds comparable to those of desoxycholic 
add, while chenodesoxycholic and cholic adds do not. The choldc adds 
formed from enolizable ketones exhibit the peculiarity of being combined 
completdy in the enoliaed form.”® Since functional groups are not 
necessary for the formation of choleic adds, these compounds have been 

4 5 6 10 16 



Fia 1. — Rdation between length of aliphatic chain and coordination number of the 

fatty acid choleic acids.* 

suggested as a means of resolving racemic mixtures of optically active 
but inert compoimds, such as hydrocarbons.”® 

The soluble salts of the bile adds lower the surface tension of water 
to a marked degree.”® This property may be associated with the 
phenanthrene structure, for other compounds containing a phenanthrene 
nucleus, such as theeaponins (p. 1454) and abietic acid, exhibit the same 
bdiavior. 

Natural Bile Acids and Their Derivatives. Clmlic add, the most 
common bile add, is foimd in the bile of many spedes (^. Table H).- 
In beef bile, which has been investigated most extendvely, cholic acid is 
acccnnpmued by smaller amounts of desoxycholic and chenodesoxycholic 

*** Sobotka and Qcddberg, Bioehem, J., SS, 906 (1032) ; Marx and Sobotka, J. Org. 
Chm» %, 276 (lOaS). 

*Frwa Sobntka, Chmn. Set., 16 , 362 (1934), (Qourteay of the pufalidtend 

*** Allen, /. BM. Ch«m„ 22, 606 (1916). 
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adds together with traces of lithocholic, st«rocholie, aad Weyla&d’s 
adds.**** The rare lithocholic add was first isolated from cattle gall- 
stones, and apparently these and hog gallstones are the only satis- 
factory natural sources. Because of the inaccessibility of many biles, ar 
coirsiderable amount of work has been directed towards the conversion of 
the common to the unconunon bile adds. In addition to the preparation 
of lithocholic and chenodesoxycholic *** acids, a number of isomeric, 
monohydroxy adds have been obtained. Those reported are oZZolitho- 
cholic**® [3(a)-hydroxyaliocholanic], 3(0)-hydroxyaZlocholanic,®“ 6-hy- 
droxyoZZocholanic,*^ 7-hydroxycholanic,“* and 12-hydroxycholanic*” 
acids. When dihydroxycholenic acid is oxidized with dilute permanga- 
nate, the tetrahydroxy acid, 3,7,8,12-tetrahydroxycholanic add, re- 
sults.^^* This add may be identical with an acid isolated from rabbit 
bile.®** Barbier-Wieland degradation has been applied to desoxycholic,®*® 
chenodesoxycholic, ®*® and hyodesoxycholic ®** acids as well as to cholic 
add (p. 1360). 

In the course of the oxidative degradation of the saturated sterols for 
the manufacture of sex hormones, a number of bile acid derivatives have 
become available, particularly 308)-hydroxy-A®-cholenic acid. The 
physical characteristics and the literatiue of some of the other degradar 
tion products have been summarized by Reindel.®** 

Miscellaneous Bile Acids. In addition to the acids mentioned 
above, a number have been isolated from various sources. Wieland *** 
has isolated from beef bile a molecular compound of chenodesoxycholic 
and 3-hydroxyketocholanic acids; the molecular compound is known as 
Weyland’s acid. A keto acid, 3-hydroxy-6-ketooKocholanic add, has 

sso Wieland and Jacobi, Z. physiol, Chem,^ 148, 232 (1925) ; Widand and Kidu, i&id., 
814, 47 (1933). 

Fischer, ibid., 73, 204 (1911), 

Schoenheimer and Johnston, J. Biol, Chem,, 180, 499 (1937) ; Schenck, Z. physiol, 
Chern,, 866, 159 (1938). 

Borsche and Hallwass, Ber,, 65, 3318 (1922) ; Wieland, Dane, and Soholz, Z. physiol, 
Chem., 811, 266 (1932) ; Marker and Lawson, J, Am, Chem, Soc,, 60, 1334 (1938) ; Dutcher 
and Wintersteiner, ibid., 61, 1992 (1939) ; Bergstrdm and Haidewood, J, Chem, <8oc., 540 
(1939). 

^ Kawai, Z. physiol, Chem., 814, 71 (1933) ; Miyaji, ibid., 860, 31 (1937). 

Wieland and Dane, ibid., 818, 41 (1932), 

^ Wieland and Dane, ibid., 810, 268 (1932). 

Wieland and SchUchting, ibid., 160, 267 (1925). 

Wieland and Dane, ibid., 806, 243 (1932). 

Windaus and van Schoor, ibid., 173, 312 (1928). 

**^Hoehn and Mason, J, Am, Chem. Soc,, 60, 1493 (1938); Kazuno and Shimizu, J, 
Siochem, (Japan), 88, 421 (1939) [Chem. Zentr., (II) 2791 (1939)1. 

Irfiihara, J. Biochem. (Japan), 87, 265 (1938) [Chem, Zenir., (I) 2315 (1940)]. 

•“Kimura and Sugiyama, ibid., 88, 409 (1939) IChem, Zmtt., (11)2792 (1939)] 
Marker and Krueger, J, Am, Chem. Soe,, 68, 79 (1940). 
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been obtained from pig bile.*®* In rabbit bile, desoxycholic acid is pre- 
dominantly present, but there are also small amoimts of the isomeric 
acids, a- and jS-lagodesoxycholic acids; the a-acid is epimeric at C12 with 
desoxycholic acid, but the structure of the /S-acid is unknown.*^^ 

Two C28 bDe acids have been isolated. The first, sterocholic acid, 
C28H46O4, was obtained from ox bile,**® and related compounds are 
present in the bile of the snapping turtle.*** The second C28 acid, trihy- 
droxysterocholenic acid (XX), C28H46O5, was isolated from toad bile.*** 
The similarity of the side chain of this acid to that of ergosterol is strik- 
ing. Related to this toad bile acid is tetrahydroxynorsterocholanic acid 



XX. Trihydroxybiifosterocholenlc acid 
(Steilc position of hydroxyl groups uncertain) 



(XXI), which has been isolated from the bile of the “Gigi'' fish.*** The 
ring hydroxyl groups of this latter acid have been placed by degrada- 
tions to hyodesoxycholic acid and to 12-ketocholanic acid. 

One bile acid with nuclear unsaturation has been isolated from 
natural sources. This has been obtained from chicken bile, and it 
appears to have the structure 3 -hydroxy-A*^^*^-cholenic acid.**" 

***Fernholz, Z, physiol. Chem.^ SSS, 202 (1935); Schoenheimer and Johnston, refer- 
ence 282. 

*** Yamasaki and Yuuld, Z. physiol. Chem., 144, 173 (1936) ; Kim, J. Biochem. {Japan), 
80, 247 (1939) [C. A., 84, 1327 (1940)]. 

»• Shinnsu and Oda, Z. physiol. Chem.f 887, 74 (1934) ; Shimizu and Kaztino, ibid.. 
889, 67, 74 (1936) ; ibid., 844, 167 (1936). 

Ohta, ibid., 888, 53 (1939) ; Isaka, ibid., 866, 177 (1940). 

^ Takahaehi, ibid., 886, 277 (1938). 



STEROIDS 


1425 


Hie Bile Alcohols. From the bile of the shark, of frogs, and of 
toads, a number of polyhydric steroid alcohols have been isolated, usually 
as the sodium salts of the sulfuric acid esters. In the shark the salt of the 
sulfuric acid ester of scynmol (XXII), C27H48O6, is present.*** All the 
structural details of this compoimd have been determined except for one 
secondary hydroxyl group. As structure XXII shows, scymnol is one of 




the few steroids in which a C3 — OH group is not present. Allied with 
scymnol are the compounds tetrahydroxycholane (XXIII), present as a 
Ci4 sulfuric acid ester in frog bile,*** and pentahydroxybufostane 
(XXIV), found in small quantities in toad bile.*®* The structures of both 

Hammanten, ibid., 14 , 323 (18S8) ; Windaua, Bergmann, and Kdaig, ibid., tSS, 148 
(1930) ; Tsehesche, ibid., SOS, 263 (1031). 

*** Kurauti and Kanino, ibid., 363 , 63 (1039). 

MOKacuno, ibid., 366 , 11 (1940). 
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compounds haye been determined by the standard methods of degrada- 
tion. In the case of pentahydroxybufostane, chromio add oxidation of 
the edde chain is accompanied by a pinacol rearrangement to give the con- 
O CH, 

figuration — CH* — C — C— CHs, which is novel in the steroid group. 

CH, 

These bile alcohols may be viewed on biogenetic grounds as evolutionary 
stages in the formation of the bile adds. 

The Conjugated Bile Acids. Some conjugated bile acids can be 
obtained pure by crystallization from absolute alcohol of dried bUe or of 
the products obtained by salting out.*®* In general, however, these are 
not satisfactory procedures, and the pure adds are best obtained by 
reacting glycine or taurine with the azides of the individual bile acids *®* 
or with the acid chlorides of the formylated bile acids.*®* The conjugated 
adds are more acidic and their salts are more soluble than the free bile 
acids. The conjugated derivatives of desoxycholic acid will not form 
choleic adds.*®*’ *®* 

Physiological Transformations of tiie Bile Acids. A number of 
Japanese workers have injected a variety of bile acids and their deriva- 
tives in various nnimnla and, from the site and nature of the excretion 
products, have drawn conclusions as to the biochemical transformations 
brought about in the body. Injected cholic add is eliminated in the bile 
of guinea pigs in small amoimts as desoxycholic, chenodesoxycholic, and 
3-hydroxy-7-ketocholanic adds.*®* This suggests that the body can oxi- 
dize C? and Cia hydroxyl groups to carbonyl with subsequent reduction 
to methylene. In accord with this, injected ketonic derivatives suffer 
reduction in the body with converdon of C 7 and C 12 carbonyl groups to 
methylene, and of C3 and Co carbonyls to hydroxyls.*®* In the case of C3 
carbonyls, the products excreted by the liver have an a-configuration; 
those excreted by the kidneys may have a /3-configuration. When 3,6- 
diketocholanic add is injected subcutaneously in toads, it is eliminated 
as 303)-hydroxy-6-ketoafiocholanic add in the urine.*®^ Injected unsat- 

Abderhalden, **Handbueh der biologisohen Arbeitsmethoden,” Urbsn and Schwar- 
senberg, Berlin (1925), i, VI, 211. 

SOS Bondi and Mueller, Z. physiol, Chem,, 47 , 4991 (1906) ; C^rtese, /. Am. Chem. Soe.i 
69 , 2532 (1937). 

Ckirteee and Baumann, J, Am. Chem. jSoc., 67, 1393 (1935) ; J . Biol, Chem., 118 
779 (1936) ; Corteee and Badiour, ibid., 119 , 117 (1937). 

SM Wieland, Z. physiol. Chem., 106, 181 (1919). 

Kim, ibtd., 961 , 97 (1939). 

MxyyiU tM., 994 , 104 (1938) ; Kim, ibid., 969 , 267 (1988). 

SO’ Tokamoto, Odd., 960 , 210 (1939). 
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urated bile acids appear to be hydroxylated or tP suff^ rearrangement.*'*” 
This type of investigation is not entirely conclusive, however, since only 
fractional per cents of injected material can be accounted for. 

THE CARDIAC AGLUCOHS AND THE TOAD POISONS 

A number of glycosides of plant ori^ and the nitrogenous venoms 
secreted by the parotid (dnnds of toads possess valuable cardiotonic prop- 
erties. The administration of these substances to individuals with dam- 
aged heart function results in a decrease in the rate and an increase in the 
intensity of the heart beat. Overdosage produces pernicious vomiting 
and stoppage of the heart in s3rstolic standstill. The cardiac substances 
are used for other purposes in medicine, but the prindpal use is for their 
characteristic heart action. In addition to their therapeutic use, certain 
of the glycosides have been employed as arrow and ordeal poisons by 
savage tribes, particularly by the natives of Africa and of the Malayan 
peninsula.*®* Acid or enz3rmatic hydrolysis of the glycosides or of the 
venoms splits off the sugar residues or the nitrogenous bases to (pve the 
so-called genins (Fr., g^nie, spirit). In the case of the ^ycosides these 
hydrolytic products are also called aglucons. The free genins are spar- 
in^y soluble and are convulsive poisons rather than satisfactory heart 
stimulants; they are valueless medicinally. 

The Cardiac Aglucons 

The Cardiac Glycosides. The chief sources of the cardiac glycoddes 
are the members of the plant orders Apocynaceae and Sarophulariaceae. 
Of the latter order certain genera of Digitalis (foxglove) furnish most of 
the drugs of therapeutic value. The principal glycosides, their sources, 
and their hydrolytic products are listed in Table IV. In this compilation 
the melting points have not been pven, since these are functions rather of 
the method of purification and of the rate of heating tiuin of the ^yco- 
rides themselves. In a few instances there is some uncertainty as to the 
nature of the sugar portion of the molecule. 

The cardiac ^ycosides are obtained by extraction from the plant tis- 
sues indicated in Table IV. * The isolation of the pure ^ycorides in quan- 
tity is difficult because of the low content in the plant tissues and because 
of the presence of other substances that materially modify the solubility 
relations. Most of the glycosides that have been studied are probably 

Mori, ibid., >58, 143 (1839) ; SOm. ibid., 361, 93 (1939). 

•N Lewis. “Die Pfrilaifto," Barth, Leipiig (1923). 

* For preparative details of the glsroosides see Van Rijn, **Die CHyooside,*' Bomtraeger, 
Berlin (1031) ; Stoll, **The Citfdiao Glycosides,” The Pharmaoeutioal Press, London (1037). 
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not the true plant glycosides, since there are enzymes in the plants that 
raindly bring about a partial hydroljrsis. The digilanides A, B, and C, 
the purpurea ^ycorides, and sdllaren A are representatives of the true 
plant glycosides.”® The other compounds of Table IV are obtained from 
the dried tissues and are probably enzymatic degradation products, as 
has been shown to be true in a few instances. Thus, the juices of the 
fresh leaves have been used to convert purpurea glycoride A to digitoxin, 
purpurea glycoside B to gitoxin, and digilanide C to digoxin.”® From 
the dried leaves the glycosides are generally extracted by means of alco- 
hol, the tannins removed, and the products purified by precipitation and 
crystallization, or by partition between solvents, e.g., chloroform and 
water or aqueous methanol. 

As many as four sugar molecules may be present in the native gly- 
-corides, and apparently they are attached to the genin at the C3 — OH 
(see formula I below) . The sugars are for the most part a-desoxy sugars 
(csmaarose, di^toxose, and sarmentose), antiarose, digitalose, ^ucose, 
and rhamnose; their chemistry is discussed in Chapters 20 and 21. .With 
the exception of glucose and rhamnose, these sugars are not foimd else- 
where in nature. 'When either glucose or rhamnose is joined directly to 
the genin molecule, the union is much firmer than with the other sugars, 
and the conditions necessary for complete hydrolysis are so drastic that 
partial dehydration occurs with the production of anhydrogenins, e.g., 
hydrolysis of ouabain, uzarin, etc. Because the hydrolysis is usually 
eadly effected, Stoll ”® has suggested that the normal sequence of attach- 
ment to the C3 — OH is: aglucon — (desoxy sugar), — (glucose)^. 

The Aglucons. With the exception of scillaridin A, the ring ^stem 
of the a^ucons is given in structure I.* In this formulation they are 
shown with a A** ^-butenolide C17 side chain as indicated by the work of 
Elderfield and of Ruzicka.®*® Like other steroids, the genins are hy- 
droxylated at C3, and nearly all are hydroxylated also at C14. The spa- 
tial configuration of the ring nucleus, with the exception of uzarigenin, is 
probably the same as that of coprostane. Scillaridin A appears to be a 
transitional substance connecting the cardiac glycosides with the toad 
poisons and is discussed separately. The principal a^ucons are listed in 
Table V. 

no StoU and Kreis, BOo. Chim. Ada, 16. 1049, 1300 (1933) ; StoU and Rena, ibid., 31, 
IIW (1939). 

* Tbe steoroidfd structure of the cardiac aglucons was suggested first by Kon, J. 8oc, 
Ch€m. ini., 63, 503, 956 (1934), and was based on z-ray measurements made by Bernal 
and Crowfoot, tbtd., 68, 953 (1934), which showed that they were similar to the sterols and 
faOoacide. 

IQ^erfield ^ a|.. J. Org. Chem., 6. 200, 270, 273, 289 (1941). 

Ru^eka, Reidbst^, and Ftkrst, Heh, Chim. Ada, 84, 76 (1941) ; Ruzioka, Plattner 
and Ftkrst^ Mi., 84, 716 (1941). 
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^The development of the structural chemistry of this group of com- 
pounds parallels that of the other steroids.* The presence of a lactone 
side chain as a common feature was noted early in the course of the 
investigation.®^* The structure of the nucleus to which the lactone ring is 
attached resisted elucidation for many years, however. The problem was 
originally attacked by studying the products of oxidative degradation, 
but again it was selenium dehydrogenation of monoanhydrouzarigenin *^^ 
and of strophanthidin *^® to Diels' hydrocarbon that furnished the essen- 


19 



I. Rlnff system of the cardiac afflncons 
(Structure of lactone ring proTlslonal) 


tial clue. The precise structural characterization of the ring nucleus and 
the assignment of the lactone ring to C 17 have come from the study 
of the two aglucons, uzarigenin (II) and digitoxigenin (p. 1443). On 
acid hydrolysis of uzarin, a molecule of water is lost with the sugar 
moiety and a mixture of the isomeric ai- and a 2 -nionoanhydrouzarigenins 
is formed. After separating the two components of the mixture, 
Tschesche *^® obtained, by a combination of degradation and reductive 
procedures, two isomeric lactols, both of which gave etioaZZocholanic acid 
when degraded by Barbier-Wieland's method. A similar series of degra- 
dations carried out on 7 -digitoxanoldiacid (p. 1446) from digitoxigenin 
by Jacobs and Elderfield ®^^ led to the production of etiocholanic acid. 
Both degradations show that the lactone side chain is attached at C17, 
but neither gives complete information about the spatial configuration of 
the nucleus. Since most of the cardiac aglucons other than uzarigenin 
can be correlated with digitoxigenin, it would appear that the normal 
nuclear configuration is that of etiocholanic acid. This is not necessarily 

* The earlier work is reviewed by Schmiedeberg, Arch, exptl. Path, Pharmakol,, 16, 
162 (1883). Subsequent to this, Eiliani, in a series of papers published in the Berichte 
(1899-1931) and Arch. Pharm. (1895-1913), studied the isolation of the pure glycosides. 
Modem constitutional investigation began in 1915 with the work of Windaus, reference 320. 

Feist, Ber., 31, 534 (1898). 

Tschesche and Enick, Z. phyciol. Chem., 388 , 58 (1933). 

•u Elderfield and Jacobs, Science, 79, 279 (1934) ; J. Biol. Chem., 107, 143 (1934) ; cf- 
Jacobs and Fleck, ibid., 97, 57 (1932). 

Tschesche, Z. phyeiol. Chem., 888, 50 (1933); Angew. Chem., 47, 729 (1934); Z. 
phyeiol. Chem., 889, 219 (1934) ; Ber., 68, 7 (1935) ; Tschesche and Bohle, Ber., 68, 2252 
(1935). 

Jacobs and Elderfield, Science, 80, 434, 533 (1934) ; Bvd. Chem., 108, 497 (1935) ; 
this last paper is veiy imi>ortant since it correlates Jacobs* earlier work with the newer 
concepts. 
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true, hovirever, for catalytic reduction of a double bond at C 14 : C 15 ia 
involved in the degradation of y-digitoxanol diacid, and in the hydrogen- 
ation a spatial configuration different from that of the native aglucons 
may result. 





IV. 3.2M>lacetoxy- A’-presnen.SO'One V TI. S.Acelozy.2I.li7drozy- 

^»,*o(si) ^boUuUcDlc acid lactona 


By partial synthesis Ruzicka has obtained additional evidence for the 
structure of the nucleus and for the position and structure of the lactone 
ring. Catalytic hydrogenation of the acetates of the monoanhydro- 
uzarigenins gives the corresponding ai- and a 2 -tetrahydromonoanhy- 
drouzarigenin acetates, both of which are stereoisomers of These 

two products appear to be identical with isomers that Ruzicka ^ has 
obtained by syntfiesis from 3,21-diacetoxy-A®-pregnen-20-one (IV), the 
diacetate of an intermediate used in the preparation of desoxycorti- 
costerone (p. 1523). By the Reformatsky reaction, a five-membered 
hydroxylactone ring (V) was formed at C 17 . By spontaneous dehydrar 
tion the hydroxylactone was converted largely to the unsaturated 
lactone VI. The latter, on catalytic hydrogenation, gave two sub- 
stances which agree well in their physical properties with ai- and 
a 2 -tetrahydromonoanhydrouzarigenin acetates, respectively. By simi- 
lar methods Elderfield has converted etiocholanic acid via 3,14- 
bisdesoxythevetigenin to a saturated lactone identical with that ob- 
tained from digitoxigenin, sarmentogenin, and digoxigenin by dehy- 
dration and hydrogenation; thus a direct correlation between the bile 
acids and the cardiac aglucons is provided. 

*170 Fried, Xinville, and Elderfield, J. Org, Chem., 7, 362 (1942). 
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The Lactone Sing. These partial ayntiteseg establish the prdiminaiy 
lesults of Elderfidd,*^^ which gave the first indicatiim that the lactone 
ring is probably unsaturated at C 20 ; Cas (IX), rather than at C 20 ! Cai 
(X), as originally formulated by Jacobs. For the purpose of studying the 
structure of the lactone side chain, Elderfield synthesized a number of 
jS-Bubstituted A“’^-unsaturated lactones (VII). On comparing the ab- 
sorption spectra of these and of strophanthidin (XII) or of periplogenin 
(p. 1443), Elderfield and co-workers noted a similarity in that all absorb 
stron^y at 210-215 m/r. In contrast, vinyl acetate, which has the same 
arrangement of ethylenic and carbonyl double bonds as is present in a 

CH CH. 

H I « 

CH, — O C^O 

vn. A^’^-BatenoUdM Vm. A^’'’'-Aiigellca UKtone 

Vila. Rss cyclohexyl 


E — C— CH 

I J, ^ 

>-o 

O 



A^’'’'-lactone, gives an entirely different absorption curve. This has been 
confirmed by Ruzicka. In formulating the side chain as a A^''’'-unsatU'- 
rated lactone, Jacobs was influenced by the characteristic red color 
reactions (Legal’s test) that the cardiac glycosides and the aglucons give 
when treated with alkaline solutions of sodium nitroprusside. This test 
is not given by the dihydrogenins in which the lactone ring is saturated. 
In Jacobs’ study, when model experiments with A"’^- and A^'''’-angelica 
lactones were conducted with nitroprusride, the latter was found to give 
the same color reaction as the aglucons; the A^'^-lactone at first gave a 
vay weak color which grew stronger on standing until finally it was com- 
parable with that of the A^’'’'-lactone. Similarly, towards silver solutions 
there was a parallel in behavior. The A^’''’-lactone reduced ammoniacal 
silver solutions, the a^ucons were weakly reducing, and A^'^-angelica 
lactone did not affect Hie reagent, even on long standing. Using a 
modified technique for the color tests, Elderfield has fotmd that stro- 
phanthidin and ^cyclohexyl-A"’^-butenolide (Vila) ^ve identical color 
reactionB, but that A^''’'-angelica lactone shows no rimilarity. This is 
particularly true when fenicyanide is employed in place of nitroprussi<k. 

*** Jaeobi, Holf ma nn, and Guatua, J. BM. Chem., 70, 1 (1026). 
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Acootding to the A^’'*' 4 aot(me fommlation of the eide ohab, in afitive 
hydrogen ^Ould be ^es^t; Jacobs presraited evidence in favor of such 
an active hydrogen, but Elderfield has now shown that this active hydro- 
gen probably rendes in the nucleus. The lactone ring of the glycosides 
and of the aglucons is readily opened by alkali at moderately elevated 
temperatures, and, on acidification, the reaction is reversed.*^** With 
alcoholic alkali, however, an irreversible change occurs with most of the 
genins, and on acidification the so-called isoaglucons are liberated; these 
are saturated and no longer ^ve the typical color reactions. This change 
has now been formulated by Elderfield as leading through the stage of 
the A'*’'’'-lactone (X) to the isogenins pCI). Participation of a C14 — OH 
group is necessary for the change, and the formation of an isoa^ucon is a 
sensitive test for the presence of such a group. On saponification of the 
isogenin, an equilibrium mixture of lactol and open forms is produced.*^^ 
Finally Jacobs “* observed in his early work that the a^ucons do not 
halogenate on titration with bromine. This is not in accord with a 
A^’‘''-lactone formulation, but is compatible with A“’^-unsaturation. 

The Structure of Strophanthidin 

The genin strophanthidin has been studied more than any other 
aglucon, as it is relatively easy to obtain and is not in demand for 
pharmaceutical preparations. The chemistry of this compound gives a 
good picture of the type of problem that is met in the study of the 
aglucons, but the awkward terminology that has grown up for stro- 
phanthidin and its derivatives (and those of the other genins) is a real 
handicap in understanding the various transformations. 

Isolation. Strophanthidin (XII) is obtained from the glycosides 
present in several varieties of Strophanthiis. From S. kombi, for example, 
a mixture of cymarin and k-strophanthin-/ 3 , together with uncharao* 
terised amorphous glycosides, is obtained. Cymarin may be separated 
from the mixture by dissolvii^ it out with chloroform,*®* and on hydroly- 
ns it yields the aglucon and the sugar cymarose, C7H14O4.*®* fc-Stro- 
phanthin-jS, in turn, gives stiophanthidin and a disaccharide, Ci8H240g, 
composed of cymarose and glucose; glycosidic union with the genin is 
throu^ cymarose.*** Aside from the unsaturated lactone ring, stro- 
phanthidin possesses a free aldehyde group at Cio> tertiary hydroxyl 
groups situated at Cs and Cu, and a secondary hy^broxyl group at Cs. 

«• Jacobs and Eaderfldd, ibid.. lU, 607 (1936). 

*** Wtndaua and HMmanns, Ber,, 48, 001 (1016). 

*** Jacobs and Gustos, J. BM. Chetn., 74, 811 (1927). 

Jacobs and Hcdtmann, Aid.. 87. 609 (1026). 

*** Jacobs and Hoffmann, ibid., 80 , U» (1026). 
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The Lactone Ring. On titration the unsaturated lactone ring of 
strophanthidin oonsumes one equivalent of alkali, and on catalsrtic 
reduction it absorbs one mole of hydrogen to form a dihydrogenin.*®* 
That the lactone ring contains four carbon atoms is shown by the oxi- 
dation of trianhydrostrophanthidin, which is discussed later. 



Xn. Strophanthidin Xm. laostrophanthldln XI7* a-Isostrophanthldlc acid 

(open form) 



XV. Strophanthidlnle acid XVL a-Isostrophanthldlnlc acid XVn. a-Isostrophanthlc add 

(open form) 


The Ci4 — OH Group. In the change strophanthidin (XII) — » 
isostrophanthidin (XIII) the hydroxyl group involved must be tertiary, 
since the monoanhydrostrophanthidin produced by the action of alco- 
holic hydrochloric acid cannot be isomerized. To meet the requirement 
of being tertiary as well as y or 5 with respect to the aldehyde group of 
the isomerized side chain, C14 is the only position that can be conddered 
for this hydroxyl group. 

Some of the products that can be formed from strophanthidin and 
isostrophanthidin by the proper choice of oxidizing agent are of impor- 
tance in subsequent arguments and further illustrate the isomerization 
under consideration. Hypobromite acts selectively on the aldehyde 
grouping of the lactone ring after saponification, and permanganate will 

*** Jacob, wid Heiddberfcr, HM., S4, 253 (1022). 
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oxidize the Cio — CHO group without affecting the side chain if it has 
not been saponified. By the judicious application of these oxidizing 
agetits all the possible carboxylic acids from strophanthidin and iso- 
strophanthidin have been realized 325 ^he products of the trans- 
formations are shown in structures XII-XVII. Of these a-isostrophan- 
thidic (XIV) and a-isostrophanthic (XVII) acids are of greatest impor- 
tance for subsequent consideration. It diould be noted that isostro- 
phanthidin and all the products derived from it are capable of existing 
in two forms due to the new center of asymmetry produced at C20 as a 
result of the isomerization. 

Further evidence for the attachment of an hydroxyl group at C14 
comes from the study of dihydrostrophanthidin.®^® By the action of 



xr XXI 


alcoholic hydrogen chloride, the dihydrogenin is converted to an anhy- 
drogenin (XVIII) which is unsaturated at C14 *. Cis- Treatment 
of XVIII with potassium permanganate produces a glycol (XIX), and, 
at the same time, the Cio — CHO is oxidized to carboxyl. Further oxi- 
dation with chromic acid opens ring D and converts the C3 — OH to 
carbonyl (structure XX). On catalytic hydrogenation the carbonyl 
groups at C3 and C14 are both reduced to hydroxyl groups and the 
product is isolated as the lactol of structure XXI. The spontaneous for- 
mation of the lactone indicates a 7- or 6-lactone. The transformation 

Jacobs and CoUins, ibid., 66. 491 (1925). 

SM Jacobs and Elderfield, ibid., 118, 611 (1936). 
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XVni-*XXI is explicable only on the basis of an hydroxyl at O14 in the 
pamtt compound, dihydrostrophanthidin. 

The Cio — CHO Group. Reduction of the aldehyde group of o-dso- 
strophanthidic acid (XIV) to methyl by the Wolff-Kishner method gives 
isoperiplogenic acid, which, in turn, can be prepared from digitoxigenin 
Since the latter, through its correlation with etiocholanic acid, is known 
to have methyl groups at Cio and C 13 , the aldehyde group of strophan- 
thidin must be attached at one of these positions, but C 13 is eliminated 
by the following considerations: In the production of monoanhydro- 
strophanthidin by the action of alcoholic hydrochloric acid, the anhy- 
drogenin is isolated as a cyclo-half-acetal. This compound does not 
possess the properties of an aldehyde or of a secondary alcohol, but on 
hydrolysis these functions are regenerated. As the secondary hydroxyl 
group can be shown to be attached at C 3 by other reactions, and as the 
aldehyde group must be in a 7 or 5 relationship to this hydroxyl to form a 
cyclo-acetal, Cio is the only possible position of attachment. 

The steric relations involved in the formation of the acetal are 
brought out by a similar lactonization that takes place with the 
i3-isostrophanthidin derivatives.^® When a -isostrophanthidic acid (XIV) 



Ailyl 


roAiranffement 


H , 

0=0 I 

cir 


OH 

xxm 



is boiled with alkali, it rearranges to |3-isostrophanthidic acid in which 
the aldehyde group exists both free and as the lactal in combination 
with the secondary hydroxyl group. On oxidation with permanganate, 
the aldehyde group at Cio is converted to carboxyl, and this acid also 
readily lactonizes. Since the compounds of the a-isostrophanthidin 
series do not lactonize in this way, a rearrangement must occur in the 
alkaline treatment to bring the aldehyde group and the secondary 
hydroxyl into a cis configuration with respect to each other. Tschesche 
and Bohle have suggested for the isomerization to the /^-series that 
the treatment with alkali first splits off the Cs — OH; that the resulting 
unsaturated compound (XXll) then imdergoes ailyl rearrangement to 
XXIII; and that water finally adds to the double bond to pve an 

^ Jaedba, Elderfidd, Grave, and Wignall, Und., M, 617 (1031) ; Jaeobe and Elderfield 
ibid., 01 . 625 (1031). 

*** Jaeoba and Qiutua, ibid., 74, 820 (1027). 

*** Tudwadie and Bdile, Ber., 60, 2443 (1036). 
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hydroxyl group at Cs os to the Gio — CHO (structure XXIV). Poadbly 
the same kind of transformation occurs in the formation of the ethyl 
acetal of monoanhydrostrophanthidin.**" 

By the action of concentrated hydrochloric acid, the Cio — CHO 
group may be brought into reaction with the Ci* — OH to form the so- 
called pseudostrophanthidin, to which formula XXY has been astigned.”^ 
The structure appears to be satisfactory, since pseudostrophanthidin 
cannot be isomerised, contains a secondary hydroxyl group, and pves 
the reactions to be described later for the Cg — OH group. The formation 
of such a compound, however, may involve a steric rearrangement, since 
spatially strophanthidin appears to resemble epfcoprosterol and, there- 
fore, the Cio — CHO and C 14 — OH groups are presumably trana to each 
other ((if. coprostane model, p. 1368). 



The C3 — OH Group. The first evidence that an hydroxyl group is 
attached at C3 in the cardiac aglucons, and therefore in strophanthidin, 
was obtained from the study of a derivative of dihydrogitoxigenin (p. 
1446) in which all the tertiary hydroxyl groups had been replaced with 
hydrogen. Vigorous oxidation of this genin derivative cleaved the ring 
bearing a secondary hydroxyl group and gave a dibasic acid. When the 
dibasic acid was subjected to thermal decomposition, a pjnroketone was 
obtained. The reaction was carried out by Windaus when the struc- 
ture of cholesterol was still unknown, and at that time the formation of a 
pyroketone could not be correctly interpreted. Windaus recc^nized 
that the parallel behavior of this (liacid and the one formed by timilar 
treatment of cholesterol indicated a correspondence of structure. 

The definite placement of a secondary hydroxyl group in strophan- 
thidin at C3 was later made by a series of reactions analogous to those 
used in locating the C 3 — OH of cholesterol. With ct-isostrophanthic 
dimethyl ester (XXVI) as a starting point, cold chromic acid oxidation 
gives the corresponding ketone, o-isostrophanthonic dimethyl ester 
(XXVII). The latter readily loses water to give the unsaturated ketone 
(XXVIII), which, when treated with ozone, is cleaved in ring A to form 

*» Cf. Elderfidd, Chm. Bev., IT, 229 (1936). 

*» Jacobs and Collins, J. SiU. Chem., 93. 123 (1925). 

Windaus, Wesl^Dbal, and Stein. Ber.. U, 1847 (1928). 
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undephanthontriacid dimethyl ester (XXIX) On treatment with 
weak alkali, this keto acid (XXIX) suffers jS-ketone decomposition and 
is converted to duodephanthondiacid (XXX), and by the action of 
acetic anhydride-acetyl chloride, the diacid is transformed to an unsatu- 
rated lactone (XXXI) which may be catalytically reduced to the 
saturated dephanthanic acid (XXXII). Barbier-Wieland degradation 
of dephanthanic acid converts it with the loss of four carbon atoms to 
dephanthic acid; three of these carbon atoms come from the C17 side 
chain; the fourth is formed by shortening the fragment of ring A. These 
reactions show that a sequence, — CH2 — CHOH — CH2 — , is present in 
one of the rings and terminates at a tertiary carbon. This sequence can 
be accommodated only in ring A, and the requirement of termination in a 
tertiary carbon atom places the hydroxyl group definitely at C3. 

Since strophanthidin does not give an insoluble digitonide, the 
C3 — OH group is probably in an a-configuration with respect to the 
Cio — CHO.^® The evidence is inconclusive, however, since cholestane- 
triol (3,5,6-trihydroxy), in which the C3 — OH is presumably P to the 
Cio — CH3, fails to give an insoluble digitonide. 

The C 5 — OH Group. As mentioned above, the dehydration of 
a-isostrophanthonic acid (XXVII) proceeds with great ease. Because 
such dehydrations are typical of jS-hydroxyketones, a tertiary hydroxyl 
group is placed at C5, for only at this position can an hydroxyl group be 
both P to Cs and tertiary. The C5— OH group is probably cis to the 
Cio — CHO. This is shown by the following evidence from the work of 
Jacobs and Elderfield: When dihydrostrophanthidin is treated with 

hydrogen cyanide, the Cio — CHO is converted via a cyanohydrin to two 
isomeric a-hydroxy acids. Both these acids readily form lactones 
(so-called homolactones) through interaction with the C5 — OH. The 
involvement of this hydroxyl group in the formation of homolactones is 
shown by the fact that anhydrostrophanthidin gives similar reactions, 
and that the lactones can be converted to ketones (OH at C3) or formed 
after protection of the C3 — OH by benzoylation. Tschesche®^# has 
pointed out that this ease of lactone formation indicates a cis relation- 
ship between the Cs — OH and the Cio — CHO. (C/. Alder-Stein rule, 
p. 1376.) 

The Anhydrostrophantfaidins. Dehydration of monoanhydrostro- 
phanthidin to dianhydrostrophanthidin is effected by heating the ace- 
tal of anhydrostrophanthidin with alcoholic hydrogen chloride. The 

Jacobs and Qustus, J. BM. Chem„ 79, 539 (1928). 

Jacobs and Gustus, ibid,, 92 , 323 (1931). 

^ Jacobs and Elderfi^d, ibid., 102, 237 (1933). 

*** Tschesche and Bohle, Ber,, 68, 2252 (1935). 

^ Jacobs and Elderfidld, J. Biol Cbem., 113, 625 (1936). 
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product obtained is the ethyl h^uacetal of diaahsrdrostFophanthidin 
(XXXIV), formed by tbe loss of the Cs — OH. When dianhydrostro- 
phanthidin is treated with concentrated aquedus hydrochloric acid, 
another molecule of water is lost with the formation of tiianhydrostro- 
phanthidin (XXXV) With the exception of the double bond of 
the lactone ring, the trianhydrogenin shows none of the properties of an 
unsaturated compound and, when oxidized with fuming nitric acid, 
yields 1,2,3,4-benzenetetracarboxylic acid.'*^ The production of this 
tetracarboxylic add is explicable if, in the formation of trianhydro- 
strophanthidin, the Cio — CHO wanders to Ci with a simultaneous shift 
of bonds to produce aromatization of ring B. Fieser *** has suggested 
that the reaction may be explained by an enlargement of ring A to a 
seven-membered ring, rather than a shift of the aldehyde group. There 
is some question as to whether this change takes place in the production 
of trianhydrostrophanthidin or whether it has already occurred in the 
formation of the dianhydrogenin.'^'* The lactone ring of strophanthidin 
is, in general, quite resistant to oxidizing agents. In trianhydrostro- 
phanthidin, however, the ring is easily oxidized away to ^ve the add of 
thej>robabie structure XXXVI.“’ 


fitmplumftiiA'n 1,2,3,4-Benzenetetraoarboxylic add 
lAlroboUc ^HNO^ 



In the previous discussion the nuclear double bond in monoanhydro- 
strophantlddin has been assigned to C 14 : Cis- This is apparently true 
for alkaline media, but in certam reactions in add or neutral media there 
is evidence that the double bond shifts to Cg : C 14 (jtf. a-stenols and 
apocholic add). In dianhydrostrophanthidin there is another anomaly. 
When the lactone side ch^ of monoanhydrostrophanthidin is saponi- 

•<* Tadienshe and Knick, Z. physiol. Chem., tt9, 233 (1934). 

*** FiMer, "The Chemistry of Natural Products Related to Phenanthrene," Bdnhold 
Pttbliatdnc Carp., New York (1937), p. 274. 

MO Eldetfidid, Chem. Bee.. 17, 22S (1935). 

*0* Jaeobs and Oiistus, J. BieL Chem., 74, 806 (1927). 
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fied, the aldehyde acid obtained does not relactoniae.*" Apparently 
this is due to a rearran^ment of the lactone double bond into ring D to 
form a conjugated system Ch : Ci 8 -Ci» : C 17 . The double bonds of 
monoanhydro- and dianhydro«trophantUdin can be prefereptially hy- 
drogenated; as in certain of the sterols, the nuclear double bonds are 
hydrogenated more easily than the double bond of the side chain."* 

The stereochemistry of these anhydrostrophanthidins and certain 
other unexplained products such as the 7 - and 5-strophanthidin series 
is a problem of the future. 

Interrelationship of the Aglucons 

Throu^ conversion to mutually common compoimds the a^ucons 
have been correlated with each other, and, by various special methods, 
the individual characteristics of the genins have been ascertained. Brief 
summaries of the work leading to the currently accepted structures 
follow. 

Perqtlogenin. As cited earlier (p. 1438), isopcriplogenic acid may 
be formed by reduction of the Cio — CHO of a-isostrophanthidie acid 
(XIV) to Cio — CH 3 . Periplogenin is, therefore, a desoxostrophanthidin. 

Digitoxigenin."* Oxidation with chromic acid of the methyl ester 
of isoperiplogenic acid converts it to a ketonic ester (carbonyl at C 3 ), 
which readily loses water (C5 — OH) to form an anhydro ketone. On hy- 
drogenation of the anhydro compound, a mixture of stereoisomeric 
dihydro compounds is obtained; one of these (isodigitoxigonic ester) is 
identical with an ester formed from digitoxigenin. The two hydroxyl 
groups of digitoxigenin i^ust be attached at C 3 and C14. Digitoxigenin 
does not form an insoluble digitonide, and the C 3 — OH must be in an 
a-configuration. The degradation of digitoxigenin to etiocholanic acid 
via y-digitoxanol diacid (p. 1432) shows that the rdation of rings A/B 
is as. 

AdynerigeniiL"* The a^ucon ad 3 merigenin is hydroxylated at 
C 3 and Ci 4 and appears to be unsaturated in the ring system at Cg : Cg. 
This nuclear double bond is resistant to hydrogenation, but, like isode- 
hydrocholesterol (p. 1386), both the genin and the monoanhydrogenin 
can be hydrogenated in the presence of hydrochloric add. The hydro- 
genation product is identical with the saturated lactone from digitogenin. 
The Qz — OH group of adynerigenin has the a-configuration, since 
the genin does not form an insoluble digitonide. 

•** Jusoba imd E3derfield, ibid., 108, 693 (1936). 

>«* Jacobs aa4 Elderfielcl, Und., 01. 313 (1931). 

S44 Nsunuum, Ber., 70. 1647 (t037) ; Tsebescbe and Bohls, Ser^ ft, 664 (1038) 
Tsobesohe, Bdble, and Neumann, Btr., Tl, 1927 (1938). 
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Theyetigenin.*" When thevetin is hydrolyzed with hydrochloric add, 
two molecules of glucose and one of water are split off to give monoanhy- 
droprothevetigenin, a partially desugared product which probably 
contains digitalose. The hydroxyl group lost in the hydrol 3 n 9 is is 
presumably attached at C14, since potassium hydroxide isomeiizes the 
glycoside but not the hydrols^tic product. After the partially desugared 
genin is saturated to a tetrahydro compound, it may be completely 
hydrolyzed. The resulting tetrahydroanhydrothevetigenin is converted 
by careful oxidation with chromic acid into tetrahydroanhydrodigitoxi- 
genone, thus placing the second hydroxyl group at C3. The C3 — OH 
group must have a / 3 -configuration, since anhydrothevetigenin forms an 
insoluble di^tonide. 

IJzarigenin. The a^ucon uzarigenin (II) has been isolated only as 
ail- and a2-monoanhydrouzarigenins. The position of the hydroxyl group 
lost in the dehydration is uncertain. Tschesche at first placed this 
tertiary hydroxyl group at Cs and later transferred it to C14, because 
treatment of uzarin with alkali produced a change which seemed to be 
analogous to the isomerization of the other aglucons. Ruzicka has 
questioned this analogy and favors attachment at C.5 of the tertiary 
hydroxyl group lost in the dehydration. In line with this, the physio- 
logical properties of uzarin are quite different from those of the other 
glycosides. A second hydroxyl group has been placed at C3, since the 
monoanhydrouzarigenins form insoluble digitonides. 

Digoxigenin.’'** Although the aglucon digoxigenin contains two 
secondary and one tertiary hydroxyl (C14) groups, the diketone resulting 
from oxi^tion of the genin gives mono derivatives with ketone reagents. 
The inertness of this one carbonyl group at first was difficult to explain 
and led, in conjunction with other reactions, to the assumption of an 
hydroxyl group at Cn. Mason and Hoehn,“* however, have degraded 
digoxigenin and desoxycholic add to identical diketocholanic adds, and 
therefore the two hydroxyl groups which pve rise to keto groups are 
placed at C3 and at C12. The hydroxyl group at C3 has an a-configura- 
tion, while that at C12 nxay be epimeric to the C12 — OH group of desojgr- 
cholic add. 

Gitoxigenin. The aglucon gitoxigenin (XLI) possesses one tertiary 
(Ci4) and two secondary hydroxyl groups. One of these secondary 
groups is attached at Cs, and the other has been placed at Cie- This 
second hydroxyl group enters into reactions with the unsaturated lac- 
tone side chain, so that alkaline isomerization of this genin is somewhat 

**» Xaderfield, /. BM. Chem., U6, 247 (1936) : Tsohesche. Ber., 69 , 2368 (1936). 

**• Smitii, J.Chem. Soe., 608 (1930) ; 23 (1931) ; 1050, 1306 (1936) ; 364 (1936) ; Tschesche 
and Bohle, B«r., 69 , 793 (1936); Mason and Hoehn, J. Am. Chem. See., 60 , 2024 (1938). 
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different from the normal.**’' The isogenin PCXXVII), formed by treat- 
ment tvith alkali, is unusually stable, and the lactone of the oxidation 
product, isoptoxigenic acid, is relatively resistant to hydrolysis. If 
gitoxigenin is oxidized with chromic acid to diketogitoxigenin, the prod- 
uct does not pve a potitive Legal reaction. This is probably due to 
a spontaneous formation of an isogenone through interaction with the 
Ci 4 — OH. The mechanism of the reaction may be a shift of the. double 
bond of the lactone side chain into conjugation with the carbonyl double 
bond at Cie* The probable structure of the isogenone is drown in for- 
mula XXXVIII. 

On hydrogenation, gitoxigenin is converted into two isomeric a- and 
/3-dihydrogenins.*** Both these dihydrogitoxigenins undergo mutaro- 



CHtOH 
CH— CH, 
0 CO 


XXXIX. TT- 

ivnibydrogltozlgeoln (dextro) ^-Dlbydrogltcnlceiilii (tero) 

tation, probably through a rearrangement involving the lactone group. 
Structures XXXIX and XL represent the probable configurations of 
these two dihydroptoxigenins. As is evident from these structures, in 
the /3-form lactonization has occurred on the secondary hydroxyl group 
at Cie< On oxidizing the o-dihydrogenin, a dihydrogitoxigenone is 
obtained. This ketone is eadly dehydrated, as would be expected of a 
compound in which the tertiary hydroxyl group is in a /S-position with 
respect to the carbonyl group. 

Gitoxigenin (XLI) has been correlated with di^toxigenin by the 
following reactions: *** After isomerization the isogitoxigenin was sapon- 

MT Jacobs and Gustus, J. Bud. Chem., TV, 5S3 (1028) ; 8S, 403 (1020) ; 88, 631 (1030) 
^ Jacobs and Elderfield, ibid,, 100, 671 (1933). Cf, Windaus ei al,, reference 332. 

Jacobs and Gustus, J. Biol. Chem,, 86, 199 (1930). C/. Windaus and Freese, Ber, 
88, 2503 (1925), and earlier papers. 
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ified atid oxidieed to isogitoldgetuc acid (XLII), 'which differs from the 
usual isogenic acids in that lactonisation talces place 'with the Cie — OH. 
The Ci4 — OH was oon'mted to a chloride, and tlie chloro acid lamis- 
formed to an unsaturated acid (XLIII) by splitting out hydrogen 
chloride. On catalytic hydrogenation the lactone ring was opened, the 
Cie — OH group replaced, and the double bond saturated. The resulting 
acid was the digitoxanoldiacid (XLIV) pre'viously mentioned (p. 1432 ). 

Oleandrin is an acetyl glycoside of gitoxigenin.**** Hydrolysis of 
oleandrin 'with acid gives the sugar oleandrose, C7H14O4 (a methyl ether 
of a methyldesoxypentose), and the genin oleandrigenin, C25H3e06. 
Alkaline hydrolysis converts oleandrigenin to gitoxigenin and acetic 
acid. In oleandrin and oleandrigenin, gitoxigenin is acetylated at Cie- 



^HOH 

^{pia chloride) 




Saxmentogenin.’'^* There are three nuclear hydroxyl groups in sar* 
mentogenin, two of which have been placed at Cs and C14. The third 
hydroxyl group has been assigned either to Cn or to C12 by the follow- 
up conriderations: Hydrolysis of the glycoside sarmentin -with alco- 
holic hydrochloric acid eliminates the C14 — OH to produce a-tetra- 
hydroanhydrosarmentogenin. From the latter, a diketone is obtained 
on oxidation, and one of the two carbonyl groups of this diketone is 
unreactive toward ketone reagents. Thb is iypical of a carbonyl group 

Neumaim. Bet., 70, 1647 (1937) ; Tscheeohe, Ber., 70, 1564 (1937). 

TadMMdie and Bol^ Bet., 09 , 2497 (1936) ; Maaon and Hoehn, J. Am. Chem. Soe., 
00 , 2024 (1939) ; ef. Jacobs and Hoffmann, J. Biol. Chem,, 79, 631 (1928) ; Tadiesehe 
Bw., 01 , ^ (1936). 
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at Cxi or Ci2, as has been shown from the study of digoxigenin, of certain 
of the dehydrocholic adds,*® and of the adrenal substances (p. 1510 )."' 

Genius of Uncertain Structure. The glycoside neriantin is obtained 
in traces from the reddues of the commercial manufacture of oleandrin. 
Because of the small amount available for study, only a cursory examina- 
tion of neiiantigenin has been poanble. The genin appears to have the 
typical Cs — OH group, a secondary hydroxyl group elsewhere in the 
nucleus, and a nuclear do\ible bond that can be catalsrtically reduced. 
Convallatoxigenin,®" from the glycoside found in the lily-of-the-valley, 
is likewise unsaturated in the nucleus, presumably at Cg : Cn. In ad<h- 
tion to hydroayl groups at C3 and C14, it appears to have two tertiary 
hydroxyl groups at Cs and Cg, respectively. The two glycosides, 
iS-antiarin and ouabain, have the sugars so firmly attached that hydrolysis 
^ves anhydrogenins in each case. Antiaiigenin may be an hydrox- 
ylated strophanthidin. Ouabagenin”" appears to have two implaced 
hydroxyl groups in addition to those assumed to be at C3 and C14. On 
acetolysis, anhydroouabagenin loses formaldehyde with the formation of 
a benzenoid ring in the nucleus. To explain this a Cio — CHgOH group 
has been postulated. 

In addition to these genins that are derivatives of the type formula I, 
there is an aglucon, digigenin,®’ C2iH2804, which does not fit this 
formulation. Digigenin and the sugar di^ose are obtained by hydrolyz- 
ing diginin, a glycoside from digitalis purpurea. As the glycoside is with- 
out physiological activity, and as the genin does not contain the lactone 
ring, it is questionable whether they should be regarded as members of 
this group. 

Longwell and Wintersteiner, J, Am. Ckem. Soc., 62, 200 (1940) ; cf. Marker and 
Lawson, i&id., 60t 1334 (1038). 

*** In 1936, from a study of the corresponding products from digoxigenin and from 
sarmentogenin, Tschesche (see reference 351) concluded that both were hydroxylated at 
Cii, and that they differed in the steric configuration of rings B/C. To digoxigenin was 
assigned the normal tram configuration, and to sarmentogenin the abnormal cU configura- 
tion of these rings. Such an argument is no longer necessary to explain the facta, although 
future work may show it to be valid. 

*** Taahesche, Bohle, and Neumann, Ber., 71, 1927 (1938). 

^ Jacobs and Bigelow, J. Bud. Chem., 96, 647 (1932); 101, 16 (1033); Vktet and 
Newman, ihid., 114, 705 (1936) ; Tschesche, Ber., 70, 43 (1937). 

»»KiUani, Ber., 48, 3674 (1910); 46, 667, 2179 (1913); Tschesche and Haupt, Ber., 
60, 1377 (1936), 

Karrer, Hdv. Chim. Acta, 12, 506 (1929) ; Tschesche and Haupt, Ber., 60, 459 (1936) ; 
Fieser and Newman, J. Biol. Chem., 114, 705 (1936) ; Tschesche and Haupt, Ber., 70, 43 
(1937) ; Chakravorty and Wallis, J. Am. Chem. Soe., 60, 1379 (1938); Marker and Shabica, 
ibid., 64, 720 (1942), 

FeOKhift BmH C. BarrM, Basel (1036), P..238 [C. A., 31, 2347 (1037)]; 
Shoppes and Reidurtein, Hd». Chim. AeUi, 33, 975 (1940). 
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The Squill Aglucon 

The glycosides scillaren A (XLV) and B have been isolated from 
the bulbs of the squiU (SciUa maritima) by Stoll,*** but only the former 
has been obtained in pure form. Scillaren A on catalytic hydrogenation 
is reduced to a hexahydrodesoxy acid which on treatment with meth- 
anolic hydrogen chloride is desugared and dehydrated to a mono- 
unsaturated product. Catalytic hydrogenation of the latter in a neutral 
medium gives 3(j3)-hydroxyoiZocholanic acid. The formation of this 
acid shows clearly that the lactone ring of scillaren A is six-membered 
and that a 303)-hydroxyl group is present. Asdgmnent of unsaturation 

CH— O— CO CH-0— CO 



XLV. Scillaren A XLVI. Sclllarldln A 

(provlaionaO (prorlalooal) 

to Cs is proviaonal, however. Although catalytic hydrogenation of the 
genin leads to an aMo structure, enzymatic followed by acid hydrolysis 
gives first proscillaridin A and glucose, and then, with loss of rhamnosc 
and w’ater, scillaridin A (XLYI). The formulation of the latter is pro- 
dsional since its absorption spectrum shows a maximum at 290-300 mju 
rather than three maxima corresponding to those of A*>*-cholestadiene 



zLvn XI.VIII 


(p. 1395). The tertiary hydro^l group of scillaren A is astigned to C 14 
as in the other a^ucons. When scillaridin A is treated with methanolic 
potassium hydroxide the lactone rii^ is opened with the formation of 
an ester, provisionally formulated as XLVII, rather than a potassium 
salt. This ester readily loses water to form a derivative (XLVIII) of 
isoscillaridhi A. Scillaren A and its derivatives do not ^ve Legal’s test. 

•" Btotf et al., Z. phvtiol. Chan., Ul, 24 (1933) ; Heh. Chhn. Acta, 17 , 641. 1334 (1934); 
18 , 82. 120, 401, 844, 1247 (1936); 84 , 1380 (1941). 
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The Toad Poisons 

Venom secreted in the parotid gland of toads is a complicated 
mixture consisting of several conjugated and free genius. Other sub- 
stances present include epinephrine, bufotenidine and related tryp- 
tamines,**® sterols, fats, etc.* The toad poisons proper are suberyl- 
arginine derivatives of the genins. The nature of the genins, or bufagins, 
as they are called, varies with the species, and they may be differentiated 
by means of a prefix indicating the toad from wMch ttey are isolated.®*^ 
As a result of enz3ncne action, hydrolysis of the venom to the free genins 
occurs in the toad secretion, but with acid hydrolysis dehydration takes 
place and only anhydrogenins are obtained. The bufagins are polyhy- 
^oxy or acetylated hydroxy lactones, containing 23 or 24 carbon atoms, 
and are more closely allied with scillaridin A than with the other aglu- 
cons. Many of them give a positive liebermann test, and none gives 
Legal’s test. 

Marinobufagin (or bufagin), C24H3405, m.p. 213®, from the 
toad Bufo marinus, was the first genin to be isolated,*®® but bufotalin, 
C24H3406(CH3C0), m.p. 148®, from the common European toad, Bufo 
vulgaris, has been studied more extensively.®®® From Ch’an Su, or senso, 
the dried secretion of the Chinese toad (Bufo gargarizans), cinobufagin, 
C24H8206(CH3C0), m.p. 223®, together with other bufagins, has been 
obtained.®®® 

The toad poisons are known to be steroids through the isolation of 
Diels’ hydrocarbon from the products of selenium dehydrogenation of 
pseudobufotalin,*®® of cinobufa^,®®® and of marinobufagin.®®* On the 
other hand, only impure chrysene has been obtained by selenium dehy- 

**• Jensen and Chen, J. Biol. Chem., 82, 397 (1929) ; S7. 741 (1930) ; Deulofeu, 
Z. pkueici. Chem., SS7, 171 (1936). 

Wieland, Konz, and Mittasch, Ann,, 613, 1 (1934). 

Chen, Jensen, and Chen, Proc, Soc, ExpU. Biol. Med., 29, 905 (1932) ; Hhttel and 
Behringer, Z. physiol. Chem., 246, 175 (1937). 

* Cholesterol and 7 -eitosterol are the sterols that have been identified in toad poisons, 
but ergosterdl may be present also. It is remarkable that a plant sterol ^ould be found 
in a secretion of a member of the animal kingdom. 

*‘*Chen and Chen, J. Pharmacol., 49, 561 (1933). 

MS Abel and Macht, ibid., 3, 319 (1911) ; Jensen and Evans, Jr., J, Biol. Chem., 104, 
307 (1934) ; Jensen, J. Am. Chem. Soc., 69, 767 (1937). 

MS Widand, Hesse, and Hfittd, Ann,, 624, 203 (1936). In this reference a good method 
of isolating the toad poisons is given. 

•••Hondo and Ikawa, J. Pharm. Soe, Japan, 63, 2 (1933) [Chem. Zenbr,, (II) 2558 
(1033)]; Tachesche and Offe, Ber., 68, 1998 (1935); Jensen, J. Am. Chem. Soe., 67, 2733 
U935) ; Tsohesohe and Cffe, Ber., 69, 2361 (1936) ; Kotake and Kuwada, Sci* Papers Phys. 
Chem. Research, CTokyo), 36, 106 (1939) [C. A., 33, 7304 (1939)]; Hondo and Ohno, 
J. Pharm. Soe. Japan, 69, 186 (1939) [Chem. Zentr., (I) 1997 (1940)]. 

«•• Ikawa, J. Pharm. Soe. Japan, 66, 748 (1935) [C. A., 29, 7341 (1935)]. 
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drogenation of bufotalin.”^ The fonuation of this hydrocarbon does not 
invalidate the argument, since it is also produced from other members of 
the group. These degradations are supported by x-ray measurements on 
bufa^, which show that the molecide is comparable to that of the 
sterols.*** 

Most of the structural details of the bufagins have been suggested 
by Wieland *“ and by Tschesche.*** The genins and a number of the 
transformation products absorb light at 290-300 m/i and react with 
methanolic potassium hydroxide to form esters in the same way as 
sdllaridin A. The two investigators have independently concluded that 
the lactone side chain is the same in the bufa^ns as in sdllaridin A. 
An especially convindng argument is the similarity of the absorption 
curves of the bufagins and of the simple molecule, cumalinic add 
(XLIX).*** In accord with this formulation of the lactone dde chain, 
ozonization of the bufagins gives glyoxylic and formic adds.*** 

HOjCJ— C--CH=CH 

II I 

HC — 0 — 0=0 

!^LDC. Cuznalinio acid 

Bufotalin. Wieland *** has suggested structure L (or La) for bufo- 
talin. This buft^in contains a secondary hydroxyl, a tertiary hydroxyl, 
and a tertiary acetoxy group. The tertiary hydroxyl and acetoxy 
groups ftre easily split off by cold hydrochloric acid to give tiie quad- 
ruply unsaturated bufotalien (LI or Lla). Since bufotalone, the ketone 
from bufotalin, is isomerized when treated at 0 ° with dilute alkali, the 
tertiary hydroxyl group removed in the add treatment is probably at- 
tached at Ci4. The tertiary acetoxy group must be attached at Cg or Cs, 
because the absorption spectrum of bufotalien (max. 290-300 m^t) does 
not indicate a conjugated system in the ring, and attachment at Cg 
would lead to such a system. The secondary hydroxyl group is placed at 
Cs, as in the sterols. 

Bufotalien is obtained when bufotoxin is hydrolyzed with hydro- 
chloric add. Wieland has suggested that the suberylarginine group is 
attadied at the C 14 — OH in the toxin, but the mode of linkage to the 
nitrogenous moiety is \mcertain. On catalytic reduction of acetylbufo- 
talien two products result: acetylbufotalan and a by-product, an. 
aeetyloholanic add formed by reduction and fisdon of the lactone side 
chain. When this acetylcholanic add is converted to a diolanic add, 

Wietaod and Bewe, Ann., SIT, 22 (lOSS). 

"* Crawfoet, /. iSoe. Chem. Ind., St, 668 (1935). 



THE 8TEB0IDS 1451 

isobufodiolanic add, m.p. 179", Md + 60.6“, is obtained.*** It is not 
identic^ with any of the known cbolanic adds (Table II). 



Cinobufagin. The work of Tschesche *** indicated the presence of 
hydroxyl groups at C 3 and C 14 , and of a six-membered lactone ring in 
dnobufagin (LII). An acetoxy group and a nuclear double bond were 
unplaced. Kuwada *’* has assigned the acetoxy group to Ci 2 and the 



UI, ClnoballRglD 
(proTlsional) 


nuclear double bond to Cg : C 9 . A series of transformations dedgned to 
establish these details was unsuccessful, however, and formiila III must 
be regarded as provisional. 

*** Widftnd, Hease, and Meyer, Ann., MS, 272 (1032). For earliw worlc aee 'Widand 
and Wdl. Ber., 4S, 3316 (1013) ; Wicdand and AUeii, Ber.. M. 1780 (1022). 

Kuwada and Kotake, Papen Phya, Cham. Seaeareh {Tokyo), Si, 410 (1030) 
[(7.X..SS,5Sdl (1030)1 ; Kuwada, /.CAem. Bee. /apan, 80,46(1030) t<7.A.,S4, 1031 (1040)]. 
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Other Toad Poisons. In all^ some twelve bufagins have been iso- 
lated. The most important are gamabufagin, C24H34O6, m.p. 213®, 
from the dried skins of the Japanese toad; arenobufagin, C23H31O6- 
(CH 3 CO), m.p. 220®, from the Argentine toad; and regularobufagin, 
C 23 H 3 i 06 (CH 3 C 0 ), m.p. 236®, from the South African toad.®’* The 
physical constants of these bufagins and of the poisons have been tabu- 
lated by Dane ®’® and by Schoppee.®’* 

Structure and Physiological Action * 

The effect on the diseased heart and the emetic action are the impor- 
tant physiological properties of the cardiac principles. Their structure 
and activity can be correlated in a general way. The potency of the 
cardiac principles is dependent on the presence, and on the steric posi- 
tion, of the unsaturated lactone ring; on the presence of the sugar or 
nitrogenous moiety; on the presence of an hydroxyl group at C14; and 
on the absence of nuclear unsaturation at Cg : C 9 . The potency is 
modified by the spatial configuration of rings A/B, and by the nature 
of the sugar moiety. It is little affected by the steric position of the 
C3 — OH group. 

The Heart Action. The cardiotonic properties of the drugs are due to 
a direct action on the heart muscle. The response obtained with healthy 
tissue differs somewhat from that with diseased, so that animal experi- 
mentation is not directly comparable with clinical experience. Experi- 
mentally, the physiological potency is determined by injecting an 
aqueous-alcoholic solution of the glycoside into the blood stream of cats 
(Hatcher-Brody method), or an aqueous solution into the lymph sac of 
frogs. The smallest amount of substance necessary to produce systolic 
standstill of the heart is determined, and the so-called minimum lethal 
dose (M.L.D.) calculated. In Table VI physiological data on a number 
of the pure glycosides and on bufotalin are given. 

From the data of Table VI it is evident that the carbon content of the 
unsaturated lactone ring does not markedly affect the potency. Reduc- 
tion of the lactone ring, in the cardiac glycosides that have been exam- 
ined, reduces the potency over a hundredfold,®’® and isomerization by 
enzymes or by alkali, likewise destroys the potency.®’* The C14 — OH 

Wieland and Vocke» Ann., 481, 215 (1930) ; Hondo and Ohno, reference 365. 

^ Jensen, J. Am. Chem. Soc., 57, 1765 (1935). The earlier literature is cited in this 
publication. 

Dane, Tabttlae Biologicae Periodieae, 3, 204 (1933). 

Schoppee, Ann. Bev, Biochem., 11, 103 (1942). 

0 Books on pharmacology: Oishny, “Digitalis and Its Allies," Longmans, Green A 
Co., Lcmdon (1925); Weese, “Digitalis," Thieme, Leipzig (1936). 

Jacobs, Phv^l. Bev„ 13, 222 (1933). 

*** Jacobs. J. Btol. Chem., 88, 519 (1930) ; Lamb and Smith, /. Chem. Soe., 422 (1936). 
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TABLE VI 

Physiological Potency of the Cardiac Principles * 
(Expressed in milligrams per kilogram of cat, or milligram per gram of frog) 




Frog Minimal 

Minimal 

Drug 

Cat Units 

Systolic 

Emetic 



Dose 

Dose in Cats 


Four-Carhon Lactone Ring 


ConVallatoxin 

0.08 

0.00021 

0.060 

/3-Antiarin 

0.10 

0.00039 


Ouabain 

0.12 

0.00060 


a-Antiarin 

0.13 

0.00060 

0.06 

Cymarin 

0.13 

0.00060 

0.080 

Periplocymarin 

0.16 

0.00318 

0.080 

Oleandrin 

0.20 

0.00127 


Digoxin 

0.22 

0.00250 

0.075 

Digitoxin 

0.33 

0.00800 


Thevetin 

0.92 

0.00450 

0.225 

Uzarin 

6.08 

1.60000 

0.360 


Five-Carhon Lactone Ring 


Bufotalin 

0.13 

0.00917 

0.05 

Scillaren A 

0.16 

0.00070 . 

0.100 


* Data from Chen and co-workers, J. Am. P/iarm. Assoc., 26 , 579 (1936); 26 , 214 (1937); 27 , 113 
(1938). 


is assumed to play an important role in the production of heart action, 
^ce neriantin is devoid of cardiotonic properties, and its genin is thought 
to lack an hydroxyl group at C14.*** Similarly adynerin is without cardio- 
tonic properties, and, as adynerigenin differs from the active dihydric 
aglucenes by the presence of a double bond at Cs : C9, it is reasoned that 
such nuclear unsaturation destroys potency.*** From the values for the 
three ^ycosides, digitoxin, thevitin, and uzarin, it is probable that a cts 
configuration of rings A/B is essential for hi^ potency. The genin of 
uzarin apparently has a tram configuration of rings A/B, and its potency 
is far lower than that of digoxin and of thevetin in which rinp A/B are 
cis. The small effect of epimerization of the C3 — OH is brought out by 
comparison of diptoxin with thevetin. Digitoxin with an a-configuration 
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of this group is more potent in the cat test, and less potent in the frog 
test, than thevetin, which has a j3-configuration.* 

The sugar moiety affects the absorbability of the glycosides from the 
intestine and determines the duration of the action. Those glycosides 
that are easily desugared m mbro are generally not satisfactory for medid- 
nal use. 

The Emetic Action. The minimum amount of glycoside or poison 
per kilogram of cat necessary to produce vomiting when given intra- 
venously is called the emetic dose. It is imcertain how the drugs pro- 
duce this response, but the action does not take place on the vomiting 
center of the brain, f As the data of Table VI show, the correlation 
between cardiatonic potency and the emetic dose is poor, although qual- 
itatively the order of the drugs in the two effects is nearly the same. 

THE DIGITALIS SAPOGENINS 

The saponins are a group of glycosides with the ability to produce 
stable foams when their aqueous solutions are shaken. The cardiac gly- 
cosides also produce foams and are saponins, but, because of their 
characteristic heart action, they are treated as a separate class. The 
saponins occurring with the cardiac glycosides of the digitalis group are 
differentiated from the others by he designation “the digitalis saponins. 
This separation is chemically correct, for the digitalis saponins contain 
the cyclopentanoperhydrophenanthrene nucleus and yield Diels’ hydro- 
carbon when dehydrogenated with seleniiun, wheieas most of the other 
saponins are built up on some other ring system and yield 1,2,7-trimethyl- 
naphthalene (sapotalene) when dehydrogenated.*''’ 

Like the cardiac glycosides the digitalis saponins taste bitter and are 
irritating to the mucous membranes. Given intravenously they are 
poisonous, but taken orally they are non-toxic, probably because they 
are not absorbed in the intestine. The poisonous properties of these 

* Data reported in 1941 supplement these statements. Chen and Elderfield, J. Phar- 
macoLt 70, 338 (1940), report strophanthidin one-fifth as active in cats and one-third as 
active in irogfi as cymarin ; this showa-the decrease in potency due to removal of the sugar 
residue. In addition, a large number of strophanthidin derivatives were examined and 
found to be nearly inactive. DeGraff, Faff, and Lehmann, ibid,, 72, 211 (1941), have 
studied the effect of fiifteen cardiac glycosides and genins on the embryonic chick heart. 
This work shows that a variation in the substituents on the nucleus causes profound^ 
chani^ in activity ; that attachment of desoxy sugars at theCa — OH group greatly enhances 
the activity of the genins ; and that attachment of glucose, in addition to the desoxy sugars, 
usually decreases the potency. 

t For a critical discussion see Weese, **DigitaUs,** Thieme, Leipzig (1936). 

t For distribution of the saponins see Kofler, **Die Saponine,’* Springer, Vienna (1927). 

^ C/« Haworth, Ann, Bepts, Chem, 8oc, {London), 84 , 327 (1937) ; Jacobs and Elder- 
field, Ann. Bev, Bioch^m,, 7, 449 (1938). 
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glycosides are more pronounced toward lower forms of animal life than 
higher. For this reason crude extracts of the saponins have been used by 
primitive peoples to catch fish. The extracts are poured into streams 
and the fish are either stunned or killed by the glycoside. Since the 
saponins are not harmful when taken internally, fish killed in this way 
are edible. One of the most interesting characteristics of the saponins is 
thdr ability to hemolyze red blood corpuscles in very low concentration. 
The dilution (or index) for these various physiological effects is of the 
same order of magnitude; the dilutions for digitonin are given below: 

Taste index "« 1 ; 380,000 Fidi index "S '® 1 : 200,000 

Eye index*’***™ 1:230,000 Hemolytic index*® 1:168,000 

The digitalis saponins form solid molecular compounds with the 
higher alcohols, the phenols, and the thiophenols.*** The addition com- 
pounds formed with digitonin have been studied more thoroughly than 
those formed with the other saponins, and in all cases the ratio of the 
saponin to alcohol, or phenol, is 1 : 1. The addition compounds are in- 
soluble in water but are usually soluble in alcohol. Among the neutral 
steroid alcohols, however, addition compoimds that are insoluble in alco- 
hol are formed with the 3(|3)-hydroxyBteroid8 and occasionally with the 
17(a)-hydroxysteroid8.*** In testing for structure, both members of an 
epimeric pair should be examined.*®* As a test for configuration at Cs, 
faulty results may be obtained if the side chain differs greatly from the 
normal,**® if the molecule is polyhydric,**® or if an acetyl group is present 
at Ci7 and rings A/B have the oMo configuration.*** An ejn configuration 
of a methyl group at Cio prevents formation of an insoluble digitonide 
even when the steric configuration of the C3 — OH is j8 icf. lumisterol 
and p3rrocalciferol). When a monomolecular layer of a /3- or of an 
o-sterol is treated with digitonin, the saponin is adsorbed as a visible film 

Kofler and Schrutka, Biochem, Z., 159 , 327 (1925). 

Kobert, Arch, expU, Path, PhoarmaJcoL, 93 , 267 (1887). 

Kofler, Biochem, Z., 129 , 64 (1922). The fish index is umia^xy defined as that dilu- 
tion required to kill fi^ weighing 0. 1-0.5 g. A species of minnow (Rotauge) is used for 
the assay. 

See Kofler, “Die Saponine.” The value given is for human blood. 

Windaus, Ber., 42 , 238 (1909) ; Windaus and Weinhold, Z. phyciol, Chem,, 126 , 
299 (1923). 

Schoenheimer and Evans, Jr., J, Bid, Chem.t 114 , 567 (1936); Reichstein, Helv, 
Chim, Acta, 19 , 406 (1936) ; Stoll, Z. physiol, Chem., 246 , 1 (1937) ; Wintersteiner, J, Am, 
Chem, 8 qc ., 69 , 765 (1937) ; Ruzicka, Furter, and Goldberg, Hdv, Chim, Acta, 12 , 498 
(1938). 

^ NoUer, J. Am, Chem. Soc., 61, 2717 (1939). 

. Femholz, Z. physiol. Chem., 222 , 97 (1935). 

^ Butenandt and Mamoli, Bsr., 68, 1847 (1935). 
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by the nonnal sterol, but only slightly by the epzsterol. The former is 
more stable than the latter. The di^tonides of the jS-sterols are hydro- 
philic, but those of the a-sterols are hydrophobic.*” The molecular 
addition products noay be broken up with regeneration of the steroids by 
treating them with pyridine,*** by detracting with boiling xylene, or by 
acetylating.*** 

The Digitalis Saponins. The principal members of the digitalis 
saponins are shown in Table YII. Preparation of these glycosides in 
pure form is a tedious and uncertain process. From the crude extracts 

TABLE Vn 


Principal Digitalis Saponins * 


Saponin 

Probable 

Plant Source 

Hydrolytic Products 

Formula 

Sapogenin 

Sugars 

TrilKn 

C 32 H 62 O 8 

TriUium erectum 

Diosgenin 

1 Glucose 

Trillarin 

CmHmOi,(?) 

Trillium erectum 

Diosgenin 

2 Glucose 

Sarsasaponin 

(parillin) 

C46H74O17 

Radix aarsapariUae 

Sarsasapogenin 

(parigenin) 

2 Glucose and 1 
rhamnose 

Gitonin 

C61H82O23 

Digitalis purpurea 

Gitogenin 

3 Galactose and 1 
pentose 

Digitonin 

C56H92O29 

Digitalis purpurea 

Digitogenin 

4 Galactose and 1 
xylose 

Tigonin 

CMH92O27 

Digitalis purpurea. 
Digitalis lanata 

Tigogenin 

2 Glucose, 2 gsr 
lactose, and 
rhamnose 

Amolonin 

C63H104O8I 

CKhrogalum pom- 
eridianum 

Tigogenin 

3 Glucose, 1 ga- 
lactose, and 2 
rhamnose 

Dioscin 

(C20H84O8)* 

Dioscorea tokoro 
(Makino) 

Diosgenin 

Rhamnose (?) 


*Data from Tschesohe, Brg^, PhyaioL, S8, 65 (1936); Tsukamoto and Ueno, J. Pharm. Soc., 
Japan^ 66, 802 (1936) [C. A.^ 88, 7470 (1938)]; Grove, Jenkins, and Thompson, J. Am, Pharm. Aaaoe., 
87, 457 (1938); Marker and Krueger, J. Am. Cham. 8oc., 68, 3349 (1940). 


of the leaves and seeds of the digitalis family, the cardiac glycosides can 
be removed by means of chloroform or ether. The separation of digitonin 
from the mixture of digitonin, gitonin, tigonin, and other sai>onins ob- 
tained from D. purpurea illustrates the procedures employed. By the 

Lansmiiir and co-workers, J. Am, Chem, 8oc,, W, 1406 (1937). 

Schoenheiiner and Dam, Z, physiol, Chem,, 215, 59 (1933) ; Bergmann, J, Biol 
Chem., 122, 471 (1940). 

^ Windaus, Z, physioL Chem., 65, 110 (1910). 
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method of Kiliani the digitonin is precipitated from an aqueous solu- 
tion as the amyl alcohol addition product, regenerated by removal of the 
amyl alcohol, and the product recrystallized first from 60 per cent and 
then from 85 per cent alcohol. Windaus and Shah precipitate the 
digitonin from a 5 per cent aqueous solution by the addition of ether, with 
which it forms an addition compound. The precipitate is filtered off at 
the end of thirty minutes; repetition of the process gives pure digitonin. 
By the last procedure gitonin is also obtained, since it precipitates with 
ether on standing. 

It is very difficult to separate tigonin from the mixtures of^ gitonin 
and tigonin that occur in nature. Fortunately the leaves of D. lanata 
contain only tigonin, and the saponin is easily purified through its spar- 
ingly soluble cholesterol addition product.*®^ 

Recently members of the lily family have been extensively studied 
as sources of the saponins.®®* From the plants examined, trillin and 
trillarin have been isolated from TriUium erectum; ®®® sarsasaponin from 
the Mexican sarsaparilla root. Radix sarsaparillae; ®®^ amolonin from the 
California soap plant,, or amole;®®® and dioscin from Dioscorea tokoro 
(Makino).®®® The occurrence of these saponins in plants other than the 
digitalis groups shows that the designation “the digitalis saponins^' is not 
ideal. 

The Sapogenins. By acid hydrolysis the saponins are split to 
sugars and sapogenins. The hydrolytic products are given in Table VII, 
and, as the list shows, the sugars are not unique. Because of the active 
interest in the chemistry of the sapogenins, various procedures have been 
developed for the direct isolation of the aglucons without obtaining the 
saponins as intermediate products.®®^ 

Two general structures (I and II) have been proposed for the sapog- 
enins. Both show that they are comparable to the sterols, except that 
the Ci 7 side chain is made up of two heterocyclic oxygen rings. In for- 
mula I of Tschesche and Hagedom,®®® the side chain is composed of two 

300 Kiliani, Rer., 43 , 3562 (1910) ; 49 , 701 (1016). A summary of the method is given 
by Lettr4 and Inhoffen, ‘‘Uber Steiine, Gallensauron und verwandte Naturstofife,” Enke, 
Stuttgart (1936), p. 189. 

Windaus and Shah, Z. physiol, Chem,^ 161 , 86 (1926) ; cf. Windaus and Schnecken- 
burger, Ber,, 46 , 2628 (1913). 

»»* Tschesche, Ber., 69 , 1666 (1936). 

Marker and co-workers, J, Am, Chem, Soc., 62 , 2542, 2548, 2620, 3349 (1940) . 

Jacobs and Simpson, J. Biol, Chem,^ 106, 501 (1934). 

>03 Jurs and NoUer, J, Am, Chem, Soc,t 68 , 1251 (1936) ; cf, Liang and Noller, i&id., 
67 , 525 (1935). 

»»• Tsukamoto and Ueno, J, Pharm, Soc, Japan, 66 , 802 (1936) [C, A„ 32 , 7470 (1938)]. 

Inter al,, Fieser and Jacobsen, J. Am, Chem, Soc,, 60 , 28 (1938) ; Noller, Goodson, 
and Synerholm, ibid., 61 , 1707 (1939) ; Marker, reference 393. 

Tschesche and Hagedom, 68 , 1412 (1935) ; 69 . 797 (1936). 
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tetrahydrofuran rings, one of which is fused with ring D. In formula II 
of Marker and Bohnnann,*" the side chain consists of a ketospiroacetal 
containing a six-membered oxygen ring, and the same fused tetrahydro- 
furan ring as in I. The evidence for these two proposals is discussed later. 
Whatever its structure, the side chain may have a “normal” or an “iso” 
configuration, and by suitable treatment one form may be converted to 
the other. Of the naturally occiuring sapogenins, about half have an 
aUo configuration of rings A/B, and all have a 308)-hydroxyl group. The 
structural characteristics and the ph 3 rsicai properties of the prindpal 
sapogenins are given in Table VIII. 



CH, 

cH~drjj 


C3H»n 

a CH-CH, 

CH^C^ 


I. Tichescbe-Haffedorn 


n. Mtirker-R6hrmHnn 


Proposed stmctares of the Dlgltalle Bepogenine 
(Bings A/B: da or fmns) 


Although the sapogenins are easily purified through thdr acetyl 
compounds, their composition as C 27 steroids was not established until 
1935, since the early analyses did not differentiate between C 26 C 27 . 

It remained for Jacobs and Simpson to alter the accepted composi- 
tions, and, at the same time, .to dehydrogenate ^togenin and sarsasapog- 
enin with selenium to Diels’ hydrocarbon.* With these indications of 
the nature of the problem, the structure of the nucleus was soon estab- 
lished. 

The Ring Nucleus. The structure of the nucleus has come largely 
from the study of the products obtained in the degradation of the mono- 
hydric sapogenins, tigogenin **’ and sarsasapogenin,*'’* to etioollobilianic 
and etiobilianic acids, respectively. For the sake of integration with the 
rest of the discussion, the transformation with sarsasapogenin, rather than 
with tigogenin (isoallosarsasapogenin), is shown in formulas III-VIII. 
By chromic acid oxidation of acetylsarsasapogenin (III), an acetylated 

Marker and Rohrmann, J, Am, Ckem, Soc,, 61, 2072 (1939), 

Jacobs and Simpson, ibid., 66 , 1424 (1934) ; J, Biol. Cbem., 106 , 501 (1934). 

* Another product of selenium dehsrdrogenation is a hexyl methyl ketone. The same 
or a similar ketone is obtained when the sapogenins are treated with hydrogen chloride in 
acetic add [Busicka and van Veen, Z. physiol, Chem,, 184, 69 (1929) ; Simpson and Jacobs, 
J, Biol, Chem,t 109 , 573 (1935) ; Fieser and Jacobsen, J, Am, Chem, Soc., 60 , 28 (1938)]. 

401 Askew, Fanner, and Kon, J, Chem, Soe,f 1399 (1936) : Fanner and Kon, ibid., 414 
(1937). 
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lactone (^IV) was obtained. After deacetylation and removal of the 
Cs — OH group, the lactone V was converted by Barbier-Wieland degrar 
dation through the compound of structure VI to a mixture of etiobilianic 
acid (VII) and the lactone of probable structure VIII. Through this 
degradation the relationship of rings A/B is shown to be cis in sarsasapog- 
enin, the attachment of the principal side chain at C17 is established, 
and one of the ether oxygens is placed at Cie, extending to form a bridge 
to C22. This last follows from the behavior of the lactone ring of struc- 
ture V. It is definitely five-membered, since it is opened with difficulty 
by alkali in the cold, and the hydroxy acid formed reverts immediately to 
the lactone form in the presence of acid. 



The C3 — OH Group. The attachment of an hydroxyl group at C3 
in tigogenin was first shown in the classical manner by opening the ring 
bearing the hydroxyl group and subjecting the dicarboxylic acid formed 
to thermal decomposition. A pyroketone was obtained, and this, taken 
with the fact that tigogenin forms an insoluble digitonide, placed the 
hydroxyl group at C3 in a jS-configuration.^®* Subsequently, by means of 
the digitonide test,*®® by degrading sarsasapogenin and dihydrosarsasa- 
pogenin to the known 308)-hydroxyetiobilianic acids *®* by converting 
various sapogenins to known 303)-hydroxy derivatives of the sex hor- 

40S Tschesche and Hagedorn, Ber., 68, 2247 (1935). 

Marker and Rohrmann, J. Am. Chem. Soc., 61 , 2724 (1939). 

Marker and Rohrmann, ibid., 61 , 2722, 3477 (1939) ; 68 , 76 (1940). 
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mones,^*"’ aad by interrelation of the sapogenins, a /3-configuration of the 
C 3 — OH group has been found to be a common characteristic of all the 
natural sapogenins. 

The Ci 7 Side Chain. Of the two fonnulations of the C 17 side chain, 
that of Tschesche and Hagedom was offered to account for the resistance 
of the side chain to oxidizing agents, and for the production of methyl- 
succinic acid as one of the products of oxidation. It was known from 


CHa CHa 

CH— CH-CH-CHa-CH 

<31.! ■ 6- -ba 


la. Rapoffcnin side chain 
( Tsctxoache-Uairodorn ) 




KMI104 , 


X. Anhydroaapoflrenolc acid 
(Flcficr-Jacobaen) 


CH» CO»H 
C=0 C=0 

,CO»H 
CH-QH 
'CHa 



XI. Piketodtoarboxyllc acid 


|4H 



Xn. Tetrahydroanhydrosapoirenolc acid 



XIII. Lactone 


earlier work that vigorous chromic acid oxidation of dig^togenin (p. 1466) 
gave, among other products, methylsuccinic add and o-methylglutaric 
acid,"* or a-methylglutaric acid alone."^ Tschesche viewed the 
o-methylglutaric acid as originating from the nucleus, as is known with 
the bile adds (p. 1366), and the methylsuccinic add as arising from the 

Marker et ol., ibid., fiS, 618, 808, 2621. 3003 (1040). 

«<» KiUani, Ber., 40 , 702 (1016) ; 51, 1626 (1018) ; </. Windaua, reference 407, p. 47. 

^ Windaua and WUlerding, Z. phyaioL Cherri; 143a 33 (1325). 
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side ehain through the stage of a sapogenoic acid formulated as IX. 
Res«* and Jacobsen concurred in these formulations after studying 
various transformations of sarsasapogenoic acid. This acid does not react 
with ketone reagents imder ordinary conditions, but at 130® both the acid 
and its methyl ester form dioximes (?). It is difficult to hydrogenate 
the sapogenoic acids, but eventually in acetic acid with Adams catalyst 
a small proportion is reduced. Heating the add with dilute alkali, how- 
ever, converts sarsasapogenoic acid to an anhydro acid (X) formulated 
as shown. The anhydro acid contains v the system C==C — C==0 
(absorption at 240 m/z) and forms a monooxime. Oxidation of anhydro- 
sarsasapogenoic acid with permanganate converts it to a diketodicar- 
boxylic acid (XI), while hydrogenation reduces the conjugated system 
to a product (XII) which readily lactonizes (XIII). These formulations 
seemed consistent, but a number of by-products were obtained which 
could not be integrated with the other facts, largely because so little was 
obtained that study was impossible. 

Marker and Rohrmann formulated the side chain as a ketospiroacetal 
(Ha), which allows for the formation of both methylsuccinic acid and 
a-methylglutaric acid from the side chain through the stage of the sapog- 
enoic acid (XIV) Their principal argument, however, does not rest 
on the origin of these fragments, but on the lability of the side chain in 
acid media. It was noted by Fieser and Jacobsen that sarsasapogenone, 
the 3-ketone corresponding to sarsasapogenin, is isomerized by treat- 
ment with acids. On studying other reactions in acid media, Marker 
and Rohrmann found that the sapogenins are isomerized on prolonged 
heating in alcoholic hydrochloric acid, are converted to pseudosapog- 
enins by heating with acetic anhydride at 200®, are reduced catalytically 
in acid media to dihydro derivatives, are brominated easily in the side 
chain, and are altered by Clemmensen reduction. These changes have 
been interpreted in the light of the formula proposed by them. On re- 
fluxing the sapogenins with a normal configuration of the side chain in 
alcoholic hydrochloric acid for four days, isomerization occurs in the side 
chain with the production of isosapogenins (XV).*** By heating either 
form with acetic anhydride at 200®, a pseudosapogenin (XVI) is formed 
which has entirely different properties from the parent sapogenin."® In 
particular, the pseudosapogenins are readily oxidized. Treatment of the 
pseudosapogenins with alcoholic hydrochloric acid causes a reversion to 
the sapogenin type if the configuration of rings A/B is cis, to the isosapog- 
enin if this conf^ration is trans.^^ On oxidation the pseudosapogenins 

M Fieser «iul Jacobsen, J. Am. Chem. Soc., 60, 28, 2763, 2761 (1038). 

Marker tod Rohnnanm ibid., 61, 2072 (1939). 

Mariier and Rohrmann, ibid., 68, 621 (1940). 

^ Martor and Rohrmann. ibid., 68, 896 (1940). 
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are attacked at the C 20 — C 23 linkEige and are converted in good yield to 
pregnane (p. 1491) derivatives."® In acid media catalytic hydrogenar 
tion opens the side chain on both the sapogenins and the isosapog^iina. 
The product (XVII) is not identical with that formed by the reduction of 
the pseudosapogenins (XVIII). According to Marker and Rohrmann, 



the side chain contains one reactive hydrogen which may be proviscmally 
plac^ at C 28 . This hydrogen may be replaced with bromine"* or 
broui^t into reaction with Grignard reagents.®^ Oemmensen redaction 
opens both orygen rings with the formation of a tetrahydroBapogeDin.*** 

Marker and Bohrmaxm. ibid., SI, 1021 (1089) ; Marker « oL, ibid., 68. 1032 (1041). 
o* Marker and Rohrmann, Aid., 08. 900 (1940). 
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Subsequent developments have favored the Marker-Rohnnann 
formulation, and only synthetic evidence is lacking for rigid proof. 
Thus, Marker has isolated a-methylglutaric acid and A^®-oZZo- 
pregnene-3,20-dione (p. 1494) in good yield by cold chromic acid oxida- 
tion of pseudotigogenin and of pseudosarsasapogenin, has obtained 
3(j8)-hydroxy-16-ketobisnorcholanic acid by ozonolysis of anhydro- 
sarsasapogenoic acid, and has isolated 3(j8)-hydroxyetiobiliamc acid in 
poor yield as the product of a double haloform reaction on the ketodi- 
carboxylic acid obtained by permanganate oxidation of anhydro- 
sarsasapogenoic acid. Further, Ladenburg and Noller have shown 
that treatment of methyl chlorogenoate diacetate with ammonia gives 
a product whose ultraviolet absorption spectrum indicates a pyrrole 
nucleus; this is consistent only with the presence of a 1,4-diketone 
grouping in the C 17 side chain. 

The Monohydrozysapogenins. The structures of the monohy- 
droxysapogenins have been determined largely by using sarsasapogenin 
and tigogenin as reference compounds. Diosgenin (XIX), from the 
saponin dioscin, corresponds in nuclear structure to cholesterol. It 
gives the reactions characteristic of A^-unsaturation, and on catalytic 
hydrogenation in neutral media is converted to tigogcnin.^^^ jEJpfsarsasa- 
pogenin is not found in nature, but is readily obtained from sarsasapog- 
enin, either by epimerization or by reduction of the corresponding ke- 
tone."* Smilagenin (isosarsasapogenin) is formed by acid isomerization 
of the Ci 7 side chain of sarsasapogenin.^^® Tigogenin has been obtained 
from isosarsasapogenin by brominating the corresponding ketone to a 
4,23(?)-dibromoketone, debrominating with zinc (A^-ethenoid linkage), 
and reducing with sodium and ethanol.®^^ Application of the same pro- 
cedure to sarsasapogenin yields neotigogenin.®^* Nitogenin, a sapogenin 
obtained from an Egyptian date, has not been investigated structur- 
ally."* 

Marker et al„ ibid,, 63, 779, 2274 (1941); Marker and Shabica, ibid,, 64, 180 (1942). 

Ladenburg and Noller, ibid,, 63, 1240 (1941). 

Tsukamoto and Ueno, J. Pharm. Soc, Japan, 66, 802 (1936) [C. A„ 32, 7470 (1938)] ; 
Tsukamoto, Ueno, and Ohta, itnd., 6e, 931 (1936) [C. A„ 31, 3493 (1937)]; 57, 9 (1937) 
[Chem, Zentr,, (1) 4238 (1937)] ; Tsukamoto, Ueno, Ohta, and Tschesche, ibid,, 67, 383 
(1937) [Chem, Zentr., (II) 2753 (1938)]; Marker, Tsukamoto, and Turner, Am, Chem, 
8 oe„ 62, 2525 (1940) ; Marker, Jones, and Turner, ibid,, 62, 2537 (1940). 

Askew, Farmer, and Kon, J, Chem. Soc., 1399 (1936) ; Marker and Rohrmann, 
J, Am. Chem. 80 c., 61, 943 (1939). 

Farmer and Kon, J. Chem. 8 oe., 414 (1937) ; Kon, Soper, and Woolman, ibid,, 1201 
(1939) ; Marker, Tsukamoto, and Turner, J. Am. Chem. Soc., 2525 (1940). 

Marker and Rohrmann, ibid., 61, 1291, 1516 (1939) ; Marker, Rohrmann, and Jones 
ibid., 61 , 1102 (1940). 

Marker and Rohnnann, ibid., 62, 647 (1940). 

^ Kcm and Wdler, J. Chem. Soc., 800 (1939). 
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The DihydroiysapogemxiB. Chronologically, the dihydroxysa- 
pogenin gitogenin was one of the first to be studied. The two hydroxyl 
groups have been placed at C 2 and C3 by correlation with tigogenin. 
When ^togenin is oxidized with cold chromic acid, ring A is opened and a 
dicarboxylic acid, gitogenic acid, is formed. This acid is identical with 
one produced by chromic acid oxidation at 70® of tigogenin, by opening 
ring A.^** Since tings A/B are irons in tigogenin, they must be trans in 
Otogenic add and in ^togenin. As ^togenic acid must oriemate by 
cleavage between C 2 and C 3 , this places the hydroxyl groups at the same 
two positions in the aglucon. Because neither gitogenin nor chlorogenin 
is isomerized by treatment with alcoholic hydrochloric acid, both are 
assigned an iso configuration of the C 17 side chain.^^ 

The hydroxyl groups of chlorogenin have been placed at C3 and Ce* 
through the application of one of the reactions of cholesterol.^ Treat- 
ment of diosgenin (XIX) with chromic acid at 20® converts it to the 
corresponding A^-ene-3,6-dione (XX). The double bond of this unsat- 
urated ketone is reduced by zinc and acetic acid to the saturated aZZa-3,6- 
dione (XXI), Reduction of the latter gives chlorogenin (XXII) if so- 
dium and ethanol are used, and /3-chlorogenin (XXIII) if catalytic hydro- 
genation in alcohol with Adams catalyst is employed. Identical re- 


HO 

XIX. Dioagenin 


CHa I ^ CHi 

- 



o 


XX. A^-Ene-8,6>dione 



HO 



Tschesche, Ber., 68 , 1090 (1935) ; c/. Jacobs and Simpson, J, Biol, Chem,, 110 , 429 
(1935); Marker and Rohrmann, J, Am, Chem, Soc,, 61 , 2724 (1939). 

Marker and Rohrmann, J, Am, Chem, Soe,, 61 , 2724 (1939) ; 68 , 647 (1940). 

* The position of this hydroxyl group has been questioned by NoUer and Lieberman. 
J, Am, Chem, Soe,, 68, 2131 (1941), on the basis of the following evidence: Chlorogenonic 
acid, a ketodicarboxylic acid obtained by cold chromic acid oxidation of chlorogenin, is 
not identical with digitogenic (XXV) or digitoic (XXVIII) acid and is converted by 
Wolff -Kishner reduction to gitogenic acid. Thus, in the oxidation, cleavage of ring A 
takes place between Ci and Ct, and if the second hydroxyl group were attached at Ce 
either digitogenic or digitoic acid should resudt. 

«»Mauthner and Suida, Monateh,, 17, 579 (1896); Windaus, Ber., 89, 2249 (1906); 
40 , 257 (1907). 
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suits are obtained if chlorogenone from natural chlorogenin is reduced. 
Because of this mode of formation, chlorogenin is formulated by Marker 
as a 303),6(a)-dihydroxysapogenin, and j3-cblorogenin as a 303), 603)- 
dihydroxygenin."' In agreement with the assigned aUo configuration, 
chlorogenone is not rearranged on treatment with alkali.^ 

Lilligenin has been isolated in such small quantity that an investi- 
gation of its structure has not been possible. It appears to have an 
hydroxyl group adjacent to tiie one that takes part in di^tonide forma- 
tion.<“ 

Digitogenin. When digitogenin (XXIV), which contains three 
secondary hydroxyl groups, is oxidized with cold chromic acid, one of 
the products is digitogenic acid (XXV), a ketodicarboxylic add. On 
-•reduction of the carbonyl group of this add by the Wolff-Eishner 
method, Otogenic add is formed.^ Thus two of the hydroxyl groups 
of digitogenin are placed at C 2 and Cs, as in ^togenin.**^ 

If digitogenic add is oxidized with permanganate, ring B is opened 
and a ketotricarboxylic add (XXVI), “oxydigitogensaure,” is formed.*®* 
This acid is a j3*ketonic add, since it readily loses one or two molecules 
of carbon dioxide when it is heated. The probable structure of the 
add formed by the loss of one molecule of carbon dioxide (and one 
molecule of water) is shown in structure XXVII. The second molecule 
of carbon dioxide is split out as indicated by the dotted lines. The formar 
tion of add XXVI shows that the unplaced hydroxyl group is situated 
near the bridge head of two condensed rings. The position of this 
hydroxyl group, or the carbonyl produced from it, is further defined by 
the rearrangement of digitogenic acid to digitoic acid (XXVIII) by 
warming with alkali. Taking both these reactions into consideration, 
the third secondary hydroxyl group is placed at Ce.**® When digitogenic 
acid is oxidized with chromic acid, the side chain is apparently oxidized 

* The results obtained by the two methods of reduction have led Marker, reference 423, 
to the generalisation that h 3 ^rogenataon of a 3,6-diketoaZ2o8teroid with sodium and ethanol 
results in the production of a 3(iS),6(a)-dihydroxyalZoBteroid, while catalytic hydrogenation 
in neutral media forms a 3(/3),6(^)-dihydroxyepimer. Further examples are reported in the 
cases of reduction products from cholestane-3,6-dione and 3,6-diketoaZi^cholanic acid. It is 
surprising that small amounts of the other epimers, 3(a)»6(a) and 3(a),6(j3), have not been 
encountered. Using the Meerwein-Ponndorf procedure with aluminum isopropoxide, 
Tukamoto, /. Biochem. (Japan), 82, 461, 461 (1940), finds that 3,6-diketoaZk>cholanio acid 
is converted to 3(a),6(^)- and 3(a),6(/9)«<lihydroxy acids, and that 3,6-diketocholanio acid 
yields a mixture of tlU four theoretically possible dihydrozy acids, with 3(a),6(a)-dihy- 
droxycholanic acid predominating. 

Marker, Jones, and Turner, J, Am, Chem, Soe„ 42, 2537 (1940) ; c/. Marker and 
oo^workm, ibid,, 61, 946, 3479 (1939); 62, 3006, 3009 (1940); 64, 221, 809 (1942). 

^ Marker and eo-workers, ibid,, 62, 2620 (1940). 

Tschesche, Bar., 68, 1090 (1935). 

Windaus and WeU, Z. physiol, Chem,, 121, 62 (1922). 
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to the sapogenmo acid structure and ring B is opened as indicated in 
structure XXIX.* 



Steroid Alkaloids. Belated to the sapogenins are a number of 
little-investigated steroid alkaloids isolated as glycosides from certain 
members of the genus Solanaceae.^’’ The best known of this group are 
the two glycosides, sqlaninerf, C46H73O16N, isolated from potato (<So- 
lanum tuberosum) sprouts, and solanine-s, C4SH73O16N, obtained from 
various other Solanaceae. According to Eochelmeyer,®* these are better 
described as solatunine and solasonine, respectively. On hydrolysis, the 
aglucons solanidine-f (solatubine), C 27 H 43 ON, and solanidine-s (solaso- 
dine), C27H43O2N, are formed. Both of these pve Diels’ hydrocarbon 
when dehydrogenated with selenium, form insoluble digitonides, con- 
tain one double bond, and give the reactions for a tertiary nitrogen. 
Solanidine-8, on distillation with zinc, yields a mixture of pyrrole 
bases.^ Solanidine-( appears to be structurally similar to cholesterol 
and may be represented provisionally by either XXX or XXXa.^ 

* Degradations by Marker et al,, J. Am. Chem. Soc., 64 , 1843 (1042), show that the 
third hydroxyl group of digitogenin is not at C« and may be at Cis. 

Cf, Schdpf and Herrmann, Ber., 66 , 298 (1033) ; Oddo and Caronna, Ber,, 67 , 446 
(1934). 

Rochelmeyer, Arch. Pkarm., 274 , 543 (1936) ; 276 , 336 (1937) ; Ber., 71 , 226 (1938) ; 
Arch. Pharm., 277 , 329, 340 (1939). 

Soltys and Wallenfels, Ber., 69 , 811 (1936) ; Clemo, Morgan, and Bnper, /. Chcm. 
8oe., 1296 (1936). 
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Solaiiidine-8 apparently differs from solanidine-{ by an additional te^ 
tiary hydroxyl group."* 



XXX. Solonldlne-f XXXa. Solanldlne-^ 

(SoltyS'Wallenfela) (Olemo, Morgan, and Raper) 


THE SEX HORMONES * 

It has been known for years that the glands of the genital systems 
elaborate substances that cause important physiological changes. By 
stud3dng the results of castration, and of castration followed by implanta- 
tion of the glands removed, or of those of the opposite sex, physiologists 
were able to determine some of the effects due to secretions of the 
genital glands of the two sexes. A further stage was reached when the 
effect of extracts of the gonads on castrated animals was studied. 
Through these methods definite bioassays have been developed for the 
evaluation of the several hormones. At the present time three types of 
sex hormones are recognized as originating in the gonads: the estrogenic 
hormones, the hormone of the corpus luteum, and the androgenic hor- 
mones. The structures of the glandular hormones are shown in for- 
mulas a-Estradiol (I) is the ovarian hormone that produces 



I. a*Estnidlol II. Progesterone HI. Testosterone 


estrus; progesterone (II), the corpus luteum hormone that is essential 
for pregnancy; and testosterone (III), the testicular hormone that 
causes changes in the accessory sexual organs of the male. The produc- 
tion of these sex hormones appears to be regulated by the gonadotropic 

oo Brian, J. Am. Chem. 8oe., W, 1404 (1937) ; Nature, 144, 247 (1939). 

* For piqrrioloa Me Allen, “Sex and Internal Secretions,” 2nd ed., Williams and 
W iilrin. (3o., Baltimore (1939). 
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hormones secreted in the anterior lobe of the pitiiitaxy. That these hor* 
mones from the pituitary are responsible for the production of the sex 
hormones has been shown by the removal of the ^and and by the in- 
jection of extracts. 

The Estrogenic Hormones * 

In the female sex organs a periodic change takes place which varies 
somewhat from species to species. As the result of the action of the 
estrogenic hormones, the female is brought into a state of heat (estrus), 
during which she will mate. In estrus, rats, mice, and guinea pigs show 
characteristic changes in the tissues of the va^na, accompanied by a 
typical vaginal discharge that has a unique comified appearance. By 
micioscopic examination of the vaginal smears from such an animal the 
estrous condition is easily recognized. Allen and Doisy,^ using cas- 
trated female rats and mice, adapted this phenomenon to a biological 
assay of estrogenic activity. At the present time the assay is carried out 
by injecting subcutaneously into a group of five or more castrated mice 
(or rats) several concentrations of the substance under examination. A 
group of control animals is simultaneously injected with a standard 
estrogenic substance. By comparison of the concentrations necessaiy to 
produce estrus in more than 50 per cent of the animals the assay can be 
made with some precision. The results are generally expressed in mouse 
units (M. U.) ; by international agreement one mouse unit is defined as 
the effect produced by 0.1 /ig. of a standard estrone preparation.^ As a 
subsidiary standard the monobenzoyl ester of o-estradiol (I) is used; 
this unit (benzoate unit) is represented by the specific activity contained 
in 0.1 Mg. of the ester.^ 

Occurrence. It was not until the development of the Allen-Doisy 
vaginal smear technique of studying estrus that sources of the hormone 
could be examined. Since then the estrogens have been found to be 
present in the gonads and in the placenta, but these organs have a low 
hormonal content. The hormones are diminated in the xirine of both 
sexes and although the content of pregnancy urine is hi^, the urines 
of the stallion and other males of the Equidae are the richest sources 
known. In Table IX representative values of the several urines are 
given. Estrogenic hormones have been foimd in the lower forms of 
animal life and in the plant kingdom. Thus, one of the hormones — 

* For biochemistiy see Doigy, Chapter XIII, and Gtistavson, Chapter XIV, in Allen 
**Sex and Internal Secretions," 2nd ed., Williams and WiUdns Co., Baltimore (19^9). 

Allen and Doisy, J, Am. Med. Assoc., 81 , 819 (1923). 

Lormand, BuU. aoc. chim. hiol., 15 , 1566 (1933). 

^ Gautier, Qiuirt. BuU. HedUh Organigatum League NaHone, IV, 543 (1935). 
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TABLE IX 


CONTKNT OF EbTBOQBNIC HoBMONE OF VaBIOOS UbIHIIIS * 



Normal 

Pregnant 

M. U. per liter 

M. U. per Diem 

M. U. per liter 

M. U. per XMem 

Woman 

Man 

Mare 

Stallion 

Zebra (male) — 
Bun 

425 

160 

200 

170,000 

36,000 

330 

600 

240 

2,000 

1,700,000 

21,000 

100,000 

31,000 

1,000,000 


* Data from Borchardt, Dingemanae. and Laqueur, Natunoiaaenaetuiften, 8S, 190 (1034) ; Zondek, 
Nature, IBM, 209, 494 (1934); J. Phyaiol., 81, 472 (1934). 


estrone — ^has been isolated from palm kernel extract,"* and another — 
estriol — ^from pusssrwillows.*** Potent extracts have been obtained from 
a wide variety of sources, including petroleum and coal tar,*' but it is 
uncertain whether the activity is due to true hormones or to other com- 
pounds. 

Isolation. The procedure used for the isolation and purification of 
the estrogenic hormones is rather complex, since it requires a concentrar 
tion of about a millionfold and a separation from substances that are 
physically and chemically similar. Pregnancy urine of women or of 
mares, or the urine of stallions, is the usual source. In the urine the 
hormones are present to some extent as glucuronides,*** or as sulfates,**’ 
from which Ihey are liberated by boiling with concentrated hydrochloric 
add. The hormones may then be extracted with organic solvents 
(e.g., fl^butanol); the extracts are freed of addic impurities (auxin a, 
etc.) and purified to a high degree by partition between various solvents. 
By an optional procedure, the hormones, after extraction, are caused to 
react with Girard’s reagent T (trimetbylaminoacetohydrazide)*** and 

^ Butenandt imd JacoU, Zr phytrioL Chem,, 818, 104 (1933). 

SkarzynBki, Nature, 131, 766 (1933). 

* For list see Table I, Doisy, p. 849-850, in Allen, ‘*Sez and Internal Secretions,’* 
Snd ed., Williams and Wilkins Ck>., Baltimore (1939), 

4M Oohen and Marrian, Biochem, J,, 80, 67 (1936) ; Ck>hen, Marrian, and Odell, tbid^ 
30, 2250 (1936) ; CaUow, ibid., 80, 906 (1936) ; OdeU, Marrian, and SkiU, Am. J. Pharm., 
80,430(1937). 

Sohaokter and Marrian, J. Biol. Chem., 186, 663 (1938) ; Butenandt and Holstetter 
Z. phyeid. Chem., 859, 222 (1939). 

^ Oiravd and Sanduleseo, Heh. Chim. Acta, 19, 1095 (1939). 
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are converted to wster«oluble derivatives that are eaoly freed from the 
oils that accompany them at this stage. The final purification is usually 
carried out by distilling in a high vacuum, followed by recrystallization. 
Addition compounds, such as quinoline with estrone, or tiie acid half 
esters formed with phthalic or succinic anhydrides, have been recom- 
mended for the final purification. By other procedures the hormones are 
adsorbed from the urine and the adsorbate worked up in much the same 
manner as that portrayed above.* 

The natural estrogenic hormones are derivatives of the hypothetical 
hydrocarbon estrane (lY).^* All the natural estrogens are phenols with 



the phenolic hydroxyl group at Ca, and with ring A, or rings A and B, 
benzenoid. In ring D there is an oxygen function at C 17 , and the nature 
of this group determines to a large degree the physiological activity. 
Many of the hormones occur in polymorphic modifications,^® and nearly 
all absorb strongly in the ultra-violet at 280-285 In keeping with 

their phenolic nature, the estrogens give a number of color reactions, 
especially with phenol sulfonic acids, that are useful for quantitative 
estimation, t 

Estrone and Estrioh Estrone (VI), the first of the estrogenic 
hormones to be isolated in pure form, was reported at nearly the same 

* Sheeted literature on isolation: Butenandt and Hildebrandt, Z, physiol, Chem., 
199 , 243 (1931) ; Marrian, Bwchem, J,, 93 , 1090, 1233 (1929) ; 94 , 435. 1021 (1930) ; Chirtis, 
MaeCorquodale. Thayer, and Doiey, J, Biol, Chem,, 107 , 191 (1934) ; Cartland. Meyer, 
Miller, and Ruts, ibid,, 109 , 213 (1936). U. S. pats. : Doisy, Thayer, and Vder, 1,967,350; 
Doisy, 1,967,351; Butenandt, 2,012,300; Schwenk and Hildebrandt, 2,046,656; Schwenk 
and Hildebrandt, 2,054,271; Schoeller, Schwenk, and Hildebrandt, 2,103,735; Schwenk 
and WUtman, 2,174,632; and Schwenk and Hildebrandt, 2,178,109. 

Adam et al,, Nature, 189 , 205 (1933) . At the suggestion of Professor A. M. Patterson 
this nomenclature has been modified by including parenthetically the linkage of the double 
bonds from the bridge heads. 

^ Kofler and Hauschild, Z, physiol, Chem,, 994 , 150 (1934). 

See Morton, ‘‘Absorption Spectra of Vitamins and Hormones," Hilger, London 
(1936), p. 04; (/. Rowlands and Callow, Biocihem, J,, 99, 837 (1935). 

t Color reasons: Kober, Biochem, Z,, 989 , 209 (1931); Schwenk and Hildebrandt, 
ibid,, 969 , 240 (1933) ; Hausder, Helv, Chim. Acta, 17 , 531 (1934) ; Zimmermann, Z, physiol, 
Chem,, 988 , 257 (1935) ; Pincus, Wheder, Young, and Zahl, J, Biol, Chem,, 116 , 253 (1936) ; 
Voss, Z, physiol, Chem,, 949 , 218 (193!^ ; Marrian, Srgeb, Vitamin-Hormonforsch,, 1 , 
447 (1038), for a discussion of the color tests. 
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Physiological Potency 
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time by Doisy ^ and by Butenandt.^ Soon after this it was obtained 
by others,^ and a year later estriol (V) was isolated by Marrian.^ At 
first there was little of either hormone, but x-ray and surface-film meas- 
urements, taken with other early findings, suggested that the estrogens 
were similar to the sterols.**^® The problem of their structures was simpli- 
fied somewhat when it was found that dehydration of estriol with 



XOH 

Fusion 



Chrysene 



IX. Dlmethylphenantbrene 


Etiobilianic acid 

potassium acid sulfate cpnverted it to estrone, thus showing that both 
compounds have the same nucleus.®®^ Although estrone, on distillation 
with zinc, was converted to chrysene,®^® the structure of the nucleus was 
established, and the position of the phenolic hydroxyl group was indi- 
cated by a transformation of estriol. On fusion with potassium hydrox- 
ide, estriol gave a phenolic dicarboxylic acid (VII),®®® which, on selenium 

Doisy, Veler, and Thayer, Am. J • Physiol.f 90, 329 (1929) ; J . Biol. Chem., 86, 499 
(1930) ; 87, 367 (1930). 

<«Butenandt, Naturwiaaenachaften, 17 , 879 (1929); Butenandt and v. Ziegner, Z. 
phyaiol. Ckem.t 188 , 1 (1930). 

^**P’Amour and Gustarson, /. Pharmacol., 40 . 486 (1930); deJonidi. Kober, and 
Laqueur, Biochem. Z., 840 , 247 (1931). 

^ Marrian, Biochem, J., 84 , 436 (1930) . 

Bernal. J. Soc. Chem. Ind., 51 , 269 (1932) ; Adam, Danidli, Hadewood, and Marrian, 
Biochem. J., 86 , 1233 (1932); Danielli, Marrian. and Hadewood, ibid., 87 , 311 (1933); 
Danielli, Am. Chem. Soc., 56 , 746 (1934). The original measurements did not differ- 
entiate well between Mveral posdble structures and were at first midnterpreted. 

Butenahdt et al.. Z. physiol. Chem., 199 , 243 (1931) ; Marrian and Hadewood, 
Biochem. J., 86 , 26 (1932). 

^ Butenandt and Thompson, Ber., 67, 140 (1934). 

Marrian and Hadewood. J. Soc. Chem. Ind., 61 , 277T (1932) ; MaoCoiquodale, 
■ Thayer, and Doisy, J. Biol, Chem,, 99 , 327 (1933). 
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dehydrogenation was converted to a dimethylphaaanthrol.*** The latter, 
on distillation with ^c, gave l,2-<iiniethylphenanthrene, which was 
obtained also when etiobilianic acid (p. 1361) was dehydrogenated with 
selenium.*® From this it appeared that the steroid ring system was 
present in the two estrogens, and, in analogy with the other steroids, 
the phenolic hydroxyl group was placed at Cs. Proof of the allocation 
of the hydroxyl group to this position was first obtained by reducing 
estrone methyl ether (X) to the desoxo ether XI and subjecting this 
to selenium dehydrogenation.®" The product, 7-methoxy-l,2-cyclopen- 
tenophenanthrene (XII), was isolated in a 15 per cent yield, and its 
structure was established by synthesis. Further evidence for the posi- 
tion of the hydroxyl group was obtained when the dimethylphenanthrol 
X, formed in the degradation of estriol, was shown by syntheas to 
have the structure 7-hydroxy-l,2-dimethylphenanthrene.*® The ben- 
zenoid ixature of ring A was established by surface-film measurements,** 
by the phenolic properties,** and by the uptake of three moles of hydro- 
gen by desoxoestrone on catalytic reduction.** 



CH. 



OH 


CBi CHt 


CHs c: 


IV. I.Nctliosr4'.S'*«mellwl. 


The portion of the carbonyl group and of the angular methyl group 
at Ci8 was established by Cohen, Cook, and Hewett.*“ The methyl 
ether of estrone was caused to react with methylmagnesium iodide, the 
resulting carbinol (XIII) was dehydrated to an unsaturatedether (JCTV), 
and this product was subjected first to catalytic reduction and then to 
selenium dehydrogenation. The product, as was shown by /^thesis, 

**Biitotiai>dt, Wddlich, and Thompaon, Rer., 66, 601 (1083). 

**Cook mi Girard, NtOure, 186, 377 (1034); Ciohem. Cook, Hawett, and Ointd, 
J. Chem, Boe,, 663 (1034). 

^ Bstaporth and Shetdrick, J. Chem. 8oe., 864 (1034). 

** C!/. Callow, Biodtem. J., SO, 006 (1036). 

Bntenandt and Waatpkal, Z. jdivriei. Chem., 883, 147 (1034). 

Cdbm, Cook, and Hewetit, J. Chem. See., 446 (1036). 
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ptoved to be 7-methoxy-3',3'-dimetihyl-i,2-(yolopeQteaophauiatiir6!ie 
(XV), aod not the expected 7-metho3^-3'-methyH,2-cyclopentent>- 
phenanthrene. To explain its fonnaUon a molecular rearrangement must 
be assumed. The carbinol (XIII) resulting from the interaction 
methylmagnesium iodide has an hydroxyl group adjacent to a quarter- 
nary carbon atom and is of the type in which d^ydration should be 
accompanied by rearrangement. That the angular methyl group actu- 
ally wanders to Cn is shown by the fact that migration occurs when the 
methyl ether of dihydroestrone is similarly dehydrated, reduced, and 
dehydrogenated with selenium. The product in this case is 7-methoxy- 
3 -methyl-l,2-cycloi>entenophenanthrene, a hydrocarbon whose struc- 
ture was established also by synthesis. The migrating methyl group 
found in the 3 -position in the end product of both these transformations 
must have been attached origLnally to the ring system as an angular 
methyl group. The transformation shows that this methyl group is 
attached at C13 and that the carbonyl group is located at C17 in estrone. 

The conclusions reached from the study of the degradation products 
have been confirmed by the conversion of dehydroneoergosterol to 
estrone and by the total synthesis of equilenin, one of the estrogens 
present in pregnancy urine of mares. The latter will be considered 
first. 

Total Synthesis of Equilenin. As the structural chemistry of the 
steroids developed, it became evident that the estrogenic hormones 
offered one of the best fields for synthetic work since they are relatively 
simple and easily characterized. Nevertheless, nearly all the synthetic 
work has led to interesting methods of forming polynuclear hydrocarbons 
rather than to the sex hormones themselves."* In 1939-40, however, 
Bachmann, Cole, and Wilds developed a synthesis of equilenin start- 
ing with 7-methoxy-l-keto-l,2,3,4-tetrahydrophenanthrmie (XVI), pre- 
pared from l-naphthylamine-6-sulfonic acid (Cleve’s add). On the 
tetrahydrophenanthrene system, Bachmann et al. operated first at Cs 
of XVI to provide for the future C17 carbonyl and Cia — CHg groups, 
and then extended a carbon chain from Ci to develop tiie remainder of 
the desired five-membered ring. » 

Condensation of XVI with methyl oxalate in the presence of socfium 
methoxide gave the glyoxalate XVII. In the key reaction of tire 
synthetis this glyoxalate was heated at 180** with powdered soft glass, 
whereupon carbon monoxide was smcxrthly evolved with the production 
of the ketonic ester XVUl. The future angular methyl group was then 

*** Reviews: Dene, Angeu. Chem., tt, 656 (1^); SpringeU, Ann. Spti. Chtm. 80c 
(London), SS, 286 (1039). 

SiMilunana, Cole, and Wilde, J. Am, Chem. Soe., 61, 974 (10S9) ; 6 t, 824 (1940). 
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introduced by treatment of the sodium derivative of the ketonic ester 
with methyl iodide. A Reformatsky reaction was carried out on the 
Omethyl ketonic ester XIX, and the resulting /3-hydroxypropionic add 
XX was dehydrated by the action of thionyl chloride followed by alco- 
holic potash. On acidification of the alkaline reaction product, an unsat- 
urated add (XXI) and an unsaturated add anhydride were obtained. 
The unsaturated add anhydride, or the add corresponding to it, may be 
regarded as a ds form, and add XXI as a trans form. On reduction 
with sodium amalgam, both the add and the anhydride gave a mixture 
of the two adds, cis- and <ron8-7-methoxy-2-methyl-2-carboxy-l,2,3,4- 
tetrahydrophenanthrene-l-acetic adds (XXII). The stereoisomeric 
acids were separated by crystallization into an a-acid, m.p. 222-225°, 
and a /3-acid, m.p. 213-214°. Using the /3-add, the acetic add side chain 
was lengthened by the method of Amdt-Eistert,** and the reaction 
product XXIV cycUzed by heating with sodium methoxide in an atmos- 
phere of nitrogen to 16-carbomethoxy-dl-equilenin (XXV). The racemic 
hormone XXVI was then obtained by hydrolysis with acid followed by 
decarboxylation and demethylation. Finally, resolution was effected by 
crystallizing the ^menthoxyacetic esters and saponifying. A siimlar 
series of reactions on the a-form of acid XXII gave d- and Z-isoequilenins, 
isomeric at C 14 with equilenin, and identical with products obtained by 
the dehydrogenation of isoequilin (p. 1478). In nearly all the eleven steps 
of the synthesis yields of 90 per cent were obtained, and from 10 grams 
of 7-methoxy-l-keto-l,2,3,4-tetrahydrophenanthrene about 2.5 grams of 
d^equilenin andsn equal amount of dZ-isoequilenin were isolated. 

Obviously, this synthesis is a classic, not only because of the achieve- 
ment, but also because of the thorough manner in which it was done. It 
should be noted that the work of Haworth was helpful in the earlier 
stages of the ssmthesis, while that of Cohen, Cook, and Hewett ^ fur- 
nished the background for the final stages. Throu^ the synthesis of 
equilenin, many of the conclusions as to the nature of the steroid nucleus 
arrived at by degradation are confirmed, since, as is shown below, equil- 
enin has been converted to estrone, and estrone has been prepared from 
dehydroneoergos^ol. * 

Estrone from DehydioneoergostetoL In 1936 Marker^*** reduced 
d^ydroneoergosterol to tetrahydroneoergosterol (XXVII), and by 
chromio add oxidation converted the latter to estrone. This result was 

Andt and Eistert, Ber., 68, 200 (1S35) ; Eirtert, Angtm. Chem.l 56 , 124 (1941). 

Hawortbt J, Chem. Soc,, 1135 (1932). 

* A plgraiologleaUy inactive isomer of estrone, in which rings C/D are probably cts, 
has been prepared by Dane and Schmitt, Ann., 587, 246 (1939). 

^ Marker, Kamm, Oakwood, and Laudus, J. Am, Chem, 8oe,, 58, 1503 (1936), 
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questioned by Windaus,*" who found that sodium reduction of dehydro- 
neoergosterol (p. 1401) leads to the hydrogenation of ring A rather than 
of ring B. Further study by various workers has shown that sodium 
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and alcohol reduction of the S 3 rstem present in dohydroneoergosterol and 
in equilenin ^ves about 20 per cent phenolic and 80 per cent non-phe- 
4*^ Windaus and Deppe, Bcr., 70. 76 (1937). 

4*3 Marker. Am, Chem, Soc., 60. 1897 (1938) ; Rnzicka. MOUer. and Mdrgeli. Helo, 
Chim, Actat 21. 1394 (1938) ; David, Acta Brema Neerland, Physiol. Pharmacol. Microbiol., 
8. 211 (1938) [C. A., 88, 2528 (1939)]; Marker and Rohrmann, J. Am. Chem. Soe., 61 
3314 (1939). 
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nolle bodies. In the case of reduction of equilenin by this method, estrone 
or o-estradiol is obtained in about 4 per cent yield. Both Marker and 
Buzicka have pointed out that these results are analogous to those 
obtained in the reduction of /S-naphthol with sodium and alcohol.*** 
If the Ci 7 fflde chain of neoergosterol (p. 1401) is converted to car- 
bonyl by ozonization and Barbier-Wieland degradation, the compound 
known as folliculosterone (XXVIII) is formed.*** This substance was 

CsHn 



X X V II. 

tretn^drodehydroneoerffOBte^ 



ZXYin. FoUlculostercmie 
(provislonoU 


reiwrted by Remesov to have a physiological activity about equal to that 
of estrone, in spite of the fact that ring B is benzenoid rather than ring 
A. Ruzicka,*** however, has prepared the two C 3 epimers of the corre- 
sponding dihydro compoimds and has found that both are weakly 
estrogenic. In view of the fact that the C 17 dihydro compounds are usu- 
ally much more potent than the corresponding C 17 ketones, the results of 
the two investigators are contradictory. 

Equilin. In the urine of pregnant mares estrone and equilenin are 
predominantly present, but there are also small amounts of equilin,*** 
hippulin,**® and 17(a)-dihydroequilenin.*** Girard*** has noted that, 
during pregnancy in mares, first estrone, then equilin, and finally equil- 
enin are excreted in increadn^y larger proportions. Hippulin has not 
been studied adequately, but the structure of equilin (XXIX), which 

***Baiilbnaer and Kitaohedt, Ber., IS, 885 (1890). 

*** Bemawv, Bee. trae. ehim., 85, 797 (1980) ; 86, 1092 (1937). 

***G&t«nl et ei., Compt. rend., 198, 909, 1020 (1932); 198, 981 (1932); Compl. rend. 
•oe. MoL, 118, 984 (1933) ; CartUffid and Meyer, /. Bid. Chem., 118, 9 (1935). 

^ Wiatenitriiier et d., J. Am. Chem. Aoe., 88, 2052 (1930) ,* Marker el oL, ibid., 89 
708 (1987) : Marker aad Bcbnmuw, tMd., 81, 3315 (1939). 
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contains one double bond more than estrone, has been established 
throu^ the identity of its absorption spectrum with that of estrone/” 
throu^ the formation of equilenin from equiHn by palladium dehydro* 
genation/** and through its conversion to a glycol (XXXIII ) containing 



one secondary and one tertiary hydroxyl group by the action of osmium 
tetroxide.”* Equilin is isomerized to isoequilin A (XXX) by boiling 
with hydrogen chloride-acetic acid.”* On dehydrogenation, isoequilin A 
is converted to d-isoequilenin (XXXII), and, to account for the epimeri- 
zation of the C 14 — ^H, it is assumed to pass through the intermediate 
XXXI.”'' The glycol frojm equilin has been converted to 7-keto- and 7- 
hydroxy-estrones, but, in the course of their formation, epimerization 
of the Cg — does not occur.*** Epimerization of the Cg — appears to 
be extremely probable in the case of isoestradiol, which is formed when 
17-dihydroequilin is treated with Raney nickel and hydrogen.*** 
Here a disproportionation rather than uptake of hydrogen occurs, and 
1709)-dihydroequilenin and isoestradiol (qf. estradiol below) are formed. 
From isoestradiol a variety of isoestrane compounds have been prepared; 
the physiological potency of each is about one-third that of the corre- 
sponding estrone derivative. An isoequilin isomeric with isoequilin A has 
been prepared by dehydrobrominatingdibromoandrostanedione (p. 1502) ; 
presumably the four& double bond of isoequilin is situated at Cg : Cg.*” 

Code and Roe, /. Soe. Chem. Ind.. B4, 601 (1935). 

Dinobeil aad HantMch, Z. phyiiol. Chem., SS8, 13 (1936) ; S3«. 131 (1936). 

Serini and Logemaim, Bcr., 71, ISO (1938) ; Pearlman and Wintarsteiner, /. Biol 
Chem., 180, 35 (1939). 

Hirtolmuum and Wintentemar, /• Biol* Ch^m., ISO, 737 (1938). 

David, Aota Brevia Neerland. Phyttole PhamuteU. MierMoL, 4, 68 (1934)« 
an lolioffeii, Naturwiaaemehaftent SO, 125 (1937). 
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Reduction Products of the Estrogens. When the 17-ketoestrogens 
are reduced in neutral or alkaline solution, only the carbonyl group 
is hydrogenated. With estrone two epimeric estradiols are obtained, 
especially if the reduction is conducted in alkaline solution.*^ By frac- 
tional crystallization from acetone and from alcohol, the mixture may be 
separated into a-estradiol (I), m.p. 176°, and jS-estradiol (XXXV), 
m.p.223°; or, as Wintersteiner has shown, the a-epimer may be iso- 
lated from the mixture by treatment in 80 per cent alcohol with digitonin 
with which it forms an insoluble precipitate. It is probable that the 




CiT — OH of a-estradiol is (raws, and that of /3-cstradiol cts, to the 
Ci 8 — CH 3 . The physical properties and the behavior towards dehydrat- 
ing agents of these epimers furnish the evidence for these configurations. 
a-Estradiol has a lower melting point, a higher specific rotation, and a 
greater resistance to dehydrating agents than iS-estradiol. By analogy 
to the epimeric testosterones (p. 1504), a higher melting point, a lower 
specific rotation, and lower resistance to dehydrating agents indicate a 
ds configuration of the C 17 — OH and the C 13 — CH 3 groups. 

a-Estradiol has been isolated from the ovarian tissue of sows, from 
human placenta, and from horse testes it may be a true glandular sex 
hormone of other species, but this has not been demonstrated. Of the 
natural sex hormones, o-estradiol is the most potent estrogen known,* 
but its Ci 7 epimer, j 8 -estradiol, is even less active than estrone. 

Catal 3 rtic reduction of the 17-ketoestrogens in acid media results 
first in hydrogenation of the carbonyl group to a 17(a) — OH, then in 

*’*Schwenk and HUdebrandt, Naturwiasenachaften, 21 , 177 (1933); Dirscherl, Z, 
physiol, Cham,, 239 , 53 (1936) ; Wintersteiner, J, Am, Chem, Soc,, 59 , 765 (1937) ; Whitman, 
Wintersteiner, and Schwenk, J. Biol, Chem,, 118 , 789 (1937) ; Butenandt and Goergens, 
Z, phyaiol, Chem,, 248 , 129 (1937) ; Marker and Rohrmann, J, Am, Chem, Soc,, 60 , 2927 
(1938) ; U. S. pats. : Schwenk and Bradley, 2,072,830 ; Schoeller and Hildehrandt, 2,086,139 ; 
and HUdebrandt and Schwenk, 2,096,744. 

MacCk>rquodale, Thayer, and Doisy, Proc, Soc„ ExpU, Biol, Med,, 82 , 1182 (1935) ; 
Weaierfeld, MacOorquodale, Thayer, and Doipy, J. Biol, Chem,, 115 , 435 (1936) ; Huff> 
mann, Thayer; and Doiey, ibid,, 133 , 567 (1940); Beall, Biochem, J,, 34 , 1293 (1940). 

* An even more potent substance, C 20 H 41 OSN, from ovarian tissue, was reported by 
Andrews and Fenger, Endocrinology, 20 , 563 (1936) ; but no further details have appeared 
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hydrogenation of ring A, and finally in removal of the Ca — In the 
hydrogenation of ring A new centers of asymmetry are formed at Ca, C5, 
and Cio; and thus eight hexahydro and sixteen octahydro derivatives are 
possible from estrone. 

Norestrane Derivatives. As mentioned earlier, nearly all the 
attempts to synthesize the sex hormones have failed. This has been due 
largely to the difficulty of introducing both the angular methyl group at 
Cia and the carbonyl group at C17. Among these synthetic efforts, the 
transformations leading to the x-norestrane* derivatives deserve special 
comment. Robinson was the first to synthesize a:-norequilenin and 
a:-norestrane.^^^ Starting with methoxynaphthyldiketoheptoic acid 
(X3QCVI), prepared from furfurylidene-6-methoxy-2-acetylnaphthalene 
by boiling with alcoholic hydrochloric acid,^^® cyclization to XXXVII 
was effected by treatment with dilute aqueous potassium hydroxide. 
The methyl ester of this cyclized acid was hydrogenated, and then 
cyclized again by heating with sirupy phosphoric acid. The resulting 
diketonic derivative of methoxynorequilenin (XXXVIII, R = CH3) 
lost the Cii carbonyl group on hydrogenation, t and from the reduction 
product a x-norequilcnin was obtained by demethylation and oxidation. 

Treatment of the acid XXXVII with acetic anhydride cyclized it to 
XXXIX (R = CH3, R' =* Ac) ; and this product, after conversion to the 
dimethoxy derivative (XXXIX, R and R' = CH3), gave a cyanoketone 
(XL) by reacting the corresponding formylketone with hydroxylamine. 
Through alkaline hydrolysis, the cyanoketone was converted to the di- 
carboxylic acid XLI. This acid was hydrogenated in acetic acid with 
Adams catalyst to XLII. On pyrolysis of the lead salt of XLII, x-nor- 
estrone methyl ether (XLIII, R « CH3) was obtained in good yield, and 
demethylation gave x-norestrone (XLIII, R = H). Apparently, neither 
the x-norequilenin nor the x-norestrone obtained by Robinson is physiol- 
ogically active. 

Goldberg and Muller obtained x-norequilenin and active x-nores- 
trone derivatives in another way. Starting with l-ethinyl-6-methoxy-3,4- 

Dirscherl, Z, phyM. Chem., 239, 63 (1936) ; Marker, KAmm, Oakwood, and Ten- 
dick, J. Am, Chem, Soc., 69 , 768 (1937) ; Ruaicka, Mliller, and Mdrgeli, Helv. Chim, Acta^ 
21 , 1394 (1938) ; Marker and Rohrmann, /. Am. Chem. Soc., 60 , 2927 (1938) ; 61 , 3314 
(1939) ; 62 , 73 (1940). 

* X Indicates an unknown steric configuration. 

Robinson, J. Chem. Soc., 1390 (1938) ; Koebner and Robinson, ibid., 1994 (1938). 

Robinson and Rydon, ibid., 1394 (1939). 

Cf. Kehrer and Igler, Ber., 82 , 1178 (1899) ; 34 , 1263 (1903). 

t A similar elimination of a carbonyl group by catalytic hydrogenation has been 
reported by Marker and Rohrmann, /. Am. Chem. Soc., 61 , 3314 (1939). In this case the 
compound was probably ll-ketoequilenin, formed by chromic acid oxidation of equilenin. 

Goldberg and MCOler, HOo. Chim. Ada, 23 , 831 (1940). 
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dihydronaphthalene (XLEV), partial hydrogenation gave the corre- 
sponding 1-vinyl derivative (XLV). By canting this product to react 
with a,jS-diacetylethylene, two adducts, XLVI and XLVII, were ob- 
tained. Both these were converted to the sune diacetyloctahydro- 
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8,4-dUiydronap)iihalene 


XLY. l*yinyl- 6 ‘metfaoK 7 - 
8,4-dlbydronaphtbaleDe 


OHCOCBg 

OHCOOH, 



phenanthrene (XLVIII) by catalytic hydrogenation. On heating the 
hii^er-mtiting adduct with sodium methoxide in benaene, 154netiiyl-15- 
dehydro-a^-notequilenm methyl ether (XLIX or XLIXa) was obtained, 
and, on performing the same operation on XLVIII, 15-methyl-15- 
dehydnKe-norestrone methyl ether (L or La, R « O^) was fcamed. 
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Demethylation of the latter in the usual way gave the corresponding 
phenol (L or La, R = H). The product was a mixture of isomers, 
but in the physiological assay it was found to have an activity of 
100/4g./R.U. 

Synthetic Estrogenic Compounds* A variety of synthetic products 
with estrogenic activity have been discovered.^*® Cook, Dodds, et 
prompted by the observation that l-keto-l,2,3,4-tetrahydrophenan- 
threne (c/. XVI) produced estrus, examined a number of related com- 
pounds. Most of these proved to be inactive, or weakly active, but fur- 
ther search showed that certain 9,10-dialkyl derivatives of 9,10-dihy- 
droxy-l,2,5,6-dibenz-9,10-dihydroanthracenes were potent, with the di- 
n-propyl derivative showing the maximum activity (0.5 mg. for estrus). 
Other alcohols such as l,2-dihydroxy-l,2-di-(a-naphthyl)-acenaphthene 
and diphenyl a-naphthyl carbinol were found to be weakly active,^®^ 
it was not until phenolic substances were studied that high estrogenic 
potency was obtained. The phenols examined were the mono- and 
dihydroxy derivatives of diphenyl/*® and of various alkyl and aryl 
nuclear-substituted diphenyl methanes and stilbenes.^** One of the 
most active of these was 4,4 -dihydroxystilbene (0.5 mg. for estrus), 
which was named stilbestrol.* The C-alkylated stilbestrols proved to 
be far more potent than the parent compound, and ia!,i8-diethylstilbestrol 
(LI) was found to be equal in potency (0.3 ng, for estrus) to the natural 
estrogens.^** Since diethylstilbestrol can exist in two steric modifica- 
tions (as and trans), attempts havp been made to isolate the two forms. 
These have failed, however, and the assumption that a irans configura^- 
tion is present in the active preparation seems to be improved on the 
basis of the present evidence, f 

®. Wessely, Angew, Chem„ 53, 197 (1940), lists about sixty compounds. 

**^Cook, Dodds, Hewett, and Lawson, Proc. Roy. Soc. {London), 114B, 272 (1934); 
Cook, Dodds, and Greenwood, ibid., 114B, 286 (1934). 

Dodds, Helv, Chim. Acta, 19, E49 (1936) ; Dodds and Lawson, Nature, 139, 627 
(1937). 

Dodds and Lawson, Proc. Roy. Soc. {London), 125B, 222 (1938). 

Dodds and Lawson, Nature, 139, 627, 1068 (1937) ; Dodds, Fitzgerald, and Lawson, 
ibid., 140, 772 (1937). 

* In the course of the early work a very potent substance was occasionally obtained by 
alkaline demelhylation of anethole (4-propenylanisol), a natural ether. This very potent 
product has been identified as dihydrodiethylstilbestrol by Campbell, Dodds, and 
Lawson, Proc. Roy, Soc. {London), 138B, 253 (1940). 

Dodds, Goldberg, Lawson, and Robinson, Nature, 141, 247 (1938); 148, 32, 211 
(1938) ; Proc. Roy. Soc. (London), 187B, 140 (1939). 

t The work of v. Wessely and Welleba, Ber., 74, 777, 786 (1941), presents evidence for 
trane configuration of the known diethylstilbestrol. In particular, hydrogenation of 
diethylstilbestrol or of its dimethyl ether gives 88 and 97 per cent, respectively, of the cor- 
responding racemic dihydro products. Under the same conditions, the trane form of a,/3- 
dimethylsi^bene is converted in 98 per cent yield to the racemic a,^-dimeth 3 ddihydro- 
stilbepie, and the da form in 99 per cent yield to meso-a, ^-dimethyldihydrostilbene. 
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That steric configuration plays a part in the activity is clearly brought 
out in the two isomeric di-(4-hydroxyphenyl)-hexenes of structure 
LII.486 higher-melting isomer, m,p, 163®, has approximately one* 
tenth the potency of diethylstilbestrol, while the lower-melting isomer, 
m.p. 143®, has an activity of one-hundredth that of diethylstilbestrol. 
On treatment with iodine, both forms of the hexene are converted to 
diethylstilbestrol. A double bond in the aliphatic portion of the stil- 
bestrol molecule is not essential to high activity. This is evident from 
the fact that dihydrodicthylstilbestrol, or hexestrol (0.2 fig. for estrus), 
is as active as diethylstilbestrol itself 

Practically, the discovery of the dialkylstilbestrols is extremely 
important since this group of compounds may be synthesized readily 
from available materials. The following general procedure has been used 
for the preparation of the C-alkylstilbesterols. Desoxyanisoin (LIII), 
on treatment with an alkyl halide in the presence of sodium ethoxide, 
is substituted adjacent to the carbonyl group and gives a ketone (LIV), 
which readily reacts with Grignard reagents to form carbinols (LV). On 
dehydration followed by demethylation, the dialkylstilbesterols (LVI) 
are obtained.* 


V. Weesely and Kleedorfer, Naiunpiaaenecfiaftent 27 , 567 (1930). 

Campbdl, Dodds, and Lawson, Nature, 142 , 1121 (1938) ; Kreschbaum, Kleedorfer, 
Prillinger, v. Wessely, and Zajic, NaturwUeenscha^ter^, 27 , 131 (1939) ; Docken and Spidl- 
man, J, Am. Chem. Soc., 62 , 2163 (1940); Bernstein and Wallis, ibid., 62 , 2871 (1940). 

* The preparation of a number of synthetic estrogens via the route ketaaine — ^ asine 
tetrahydride asine dihydride diphenylethane has been described by Bretschneider 
^et aL, Bet., 74 , 571 (1941), and by Fbldi and Fodor, Bar., 74 , 589 (1941). 
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Ph5r&dological Relationships of the Estrogens. In the estrane group 
physiological activity is primarily depejident on tiie presence of an 
hydroxyl group at C3. For example, Bachmann^** has shown that 
synthetic 17-equilenone and 6-hydroxy-17-equilenone are inactive. 
Where an hydroxyl group is present at C3, the degree of activity is de- 
pendent upon the steric configurations of rings B/C and C/D, and on 
the steric position of the hydroxyl group at C17. A trans configuration 
of rings B/C and C/D is essential for maximum activity. This is shown 
by the relative potencies of equilin and isoequilin, or of the equilenins and 
the isoequilenins. The large difference between the potency of estrone 
and that of equilenin further illustrates the importance of the configura- 
tion of rings B/C. Similarly, the difference in potency of a-estradiol and 
of jS-estradiol shows the effect of the steric position of the C 17 hydroxyl 
group. In making these generalizations, it may be noted that the poten- 
cies assigned to the several estrogens in Table X, and elsewhere, prob- 
ably do not express the ability of each compound to supplement defi- 
ciencies due to glandular disfunction. 

In clinical use the natural and artificial estrogens have been widely 
employed. To supplement or to replace the natural glandular secretion 
of hormones, various derivatives of the estrogens are injected or admin- 
istered orally. Because of its prolonged effect, the C3 benzoate of 
a-estradiol has been widely employed for intramuscular injections.^®® 
Other esters have been described,^®® but none seems as satisfactory as the 
Cs benzoate. For. oral use, estriol glucuronide and the 17-ethinyl 
derivative of estradiol, formed by the action of potassium acetylide on 
estrone m liquid ammonia,*®^ seem to be the most satisfactory of the 
derivatives which have been studied.* Diethylstilbestrol and related 
compounds are especially suitable for oral therapy, but their clinical use 
has been attended by a number of imdesirable secondary effects,^*® 

^ Bachmann and Wilds, J. Am, Chem. Soc,, 62, 2084 (1040) ; Bachmann and Holmes, 
i&td., 61, 2760 (1940). 

David, de Jirngk, and Laqueur, Arch, intern, pharmtieodyrtamiet 61, 137 (1037). 

^ Dirscherl, Z. physiol. Chem,, 239, 40 (1036) ; Miescher and Scholz, Helv, Chim. 
Acta, 20, 1237 (1037) ; Miescher, Schols, and Tschopp, Biochem, J., 82, 1273 (1038) ; 
Marker and Rohrmann, J, Am. Chem. Soc., 61, 1027, 2074 (1030) ; U. S. pats. : Ach and 
Dirscherl, 2,031,681; Schwenk and Hildebrandt, 2,033,487; Hildebrandt and Schwenk, 
2,164,272; Miescher and Sdiolz, 2,156,600, and 2,160,555; and Weisz, 2,167,132. 

Inhoften, Logemann, Hohlweg, and Serini, Ber., 71, 1024 (1038). 

* From the tuberous growth at the end of the roots of the rare creeping vine, Butea 
superho, indigenous to the northern part of Thailand, a substance called tokokinin, 
CiflHaeOzCT), m.p. 260**, has been isolated. This compoxmd is twice as active as estrone 
whim givSn subcutaneously, and one hundred droes as active when given orally. Pre- 
luninazy investigations of the physiolo^cal effects have been reported by Schoeller, 
Dohm, and Holilweg, NaturunsBeneGhaften^ itt, 532 (1940), and of the chemical study by 
BtttenaiuS^ 28, 533 (1940). 

•“Jnfsr of., Atkinson, Bndocrinohgy^ 27 , 161 (1940); v. Wessdy, Angew Chem., 68 , 
197 (1940); 8hm, RoMnson, and Papanicolaou, J. Am. Med. Assoe., 113, 2312 (1930). 
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The excretion of the estrogens in the urine is usually in the form of 
oxidized rather than hydrogenated compounds. As mentioned earlier, 
some of these are »creted as glucuronides and some as sulfates. In 
addition, small amounts of two isomeric forms of estranediol have been 
isolated from normal female urine, and A®*’^*®-estratrien-508?)-ol-20-one 
from mares^ pregnancy urine.^®® The isolation of these compounds prob- 
ably indicates that the body is capable of hydrogenating ring A of the 
estrogens. 

Progesterone and Pregnane Derivatives 

In the sexual cycle of the female the estrogenic hormones bring the 
animal into heat and, at the same time, an ovum begins to mature. At 
the time when the ovum descends into the uterine passages, the corpus 
luteum, a small yellow body in the ovary, be^s to produce the hor- 
mone progesterone. Just as the estrogenic hormones bring about a con- 
dition favorable to mating in the female, so does the corpus luteum hor- 
mone by causing a proliferation of the endometrium (the lining of the 
uterus) create a condition ideal for the implantation of the fertilized 
ovum. If implantation occurs, the corpus luteum persists and continues 
to furnish its hormone during most of the remainder of pregnancy in 
the majority of species. In the absence of implantation the corpus 
luteum degenerates and the animal once more comes into estrus or lapses 
into anestrus, depending on the nature of her cycle. So, through the 
complementary action of the estrogenic hormones and of the corpus 
luteum hormone, the sexual cycle in females is controlled. 

The isolation of progesterone * was made possible by Comer and 
W- M. Allen through the development of a biological test to measure 
its activity. In this test a female rabbit is castrated a day after mating 
and an oil solution of the hormone or hormonal preparation is injected 
subcutaneously each day for five days. A total of 1 mg. (1 rabbit unit) 
of pure progesterone brings the endometrium into complete prolifera- 
tion, which is easily recognized in a histolo^cal section from the uterus 
of the animal on the sixth day. Clauberg has developed a modifica- 
tion of this test by using immature rabbits and preparing them for the 
assay by maturing the uterus through injection of estrogenic hormones. 
Progesterone has no effect on the uterus of immature rabbits. 

"•Marker, Eohrmanii, Lawson, and WitUe, J. Am, Cham, Soc., 611, 1901 (1038); 
Heard and McKay, J, Biol, Cham., 136, 801 (1940). 

* The name progesterone was adopted by international agreement [Allen, Butenandt, 
Comer, and Slotta, ScUnoe, 86, 163 (1936); Ber., 68, 1746 (1936) ; JVahifs. 186, 803 (1936)]. 
Prior to this it was known as progestin, the corpus luteum hormone, or luteosterone. 

Comer and Allen, Am, J, Physiol,, 86, 74 (1028) ; 88, 326 (1929) ; Allen and Comer, 
ihid., 88, 840 (1929). 

Sm Clauberg, ^Die weibliohe Sezualhormone,** Springer, Beriln (1933) ; Butenandt^ 
Westphal, and Hohlweg, Z, phiyoioL Chm,% 6f7, 84 (1^4). 
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Isolation of Piogesterone. Following the development of the Alien- 
Comer test, Allen isolated potent fractions from the corpus luteum 
of pregnant sows, but the isolation of the pure hormone was first an- 
noimced by Butenandt.^®^ Shortly after this Slotta et aL,*®® Allen and 
Wintersteiner,*®® and Hartmann and Wettstein ®®® also described pure 
preparations. The hormone- occurs in two crystalline modifications: 
^-progesterone, m.p. 128.6® (prisms), and jS-progesterone, m.p. 121® 
(needles), both of the same physiological potency. By refined pro- 
cedures for the isolation of progesterone, 20-30 mg. of both forms of the 
hormone may be isolated from 250 kg. of sows' ovaries.®®^ Accompany- 
ing progesterone in the extracts is a small amount of aZZopregnan-3 
(/8)-ol-20-one (c/. formula LX), which is probably a biochemical reduc- 
-lion product of the hormone.®®® 

The Structure of Progesterone. The hormone progesterone, 
C21H30O2, is a diketone with strong absorption at 240 m/i (a,i8-unsat- 
urated ketone). The structure of the hormone was first suggested by 
Slotta,®®® but the proof of this constitution is due largely to Butenandt.®®^ 
In the work which established the structure, stigmasterol (p. 1396) was 
converted through the acetate of 3(iS)-hydroxy-A®-bisnorcholenic acid 
(LVII) to A®-pregnen-3(i8)-ol-20-one (LVIll). Originally, the latter was 
oxidized and rearranged to progesterone (II) by direct oxidation with 
chromic acid *®® or with copper oxide.®®® Subsequently, the conversion 



*»• AUen, J. Biol. Chem., 98, 691 (1932). 

Butenandt, Verhandl. deui. Gee. inn. Med. (April, 1934) ; Butenandt and Westphal, 
Ber„ 67, 1440 (1934); Butenandt, Westphal, and Hohlweg. Z. physiol. Chem.^ 887, 84 
(1934), 

^ Slotta, Ruschig, and Fds, Ber., 67, 1624 (1934) ; cf. Neuhaus, Ber., 67, 1627 (1934). 
Allen and Wintersteiner, Science, 80, 190 (1934) ; Wintersteiner and Allen, J. Biol. 
Chem., 107, 321 (1934). 

^Hartmann and Wettstein, Heh. Chim. Acta, 17, 878, 1366 (1934); U. S. pats.: 
2,062,904 (ReiBSue 21,064) and 2,092,463. 

Allen and Qoetsch, J. Bid. Chem., 116, 636 (1936) ; Butenandt and Westphal, 
Ber., 69, 443 (1936). 

^ Butena^t and Mamdi, Ber., 67, 1897 (1934) ; Fernhola, Z. physiol. Chem., 880, 
185 (1034). 

®®< Slotta, Ruschig, and Fels, Klin. Wochsehr., 18, 1207 (1934). 

Butenandt, Westphal, and Cobler, Ber., 67, 1611 (1934). 

Butenandt et. ol., Ber., 67, 1901, 2086 (1934). 
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has been carried out by brominarion, followed by oxidation and debrom- 
ination,*®* and by dehydrogenation and rearrangement with Oppenauer’s 
reagent (aluminum alkoades)*®’ or with metals such as platinum 
black.*®* Progesterone may be prepared also by brominating 3,20- 
pregnanedione (LXIV) at C 4 and removing hydrogen and bromine by 
treatment with pyridine.*®*’ * 

Pregnane and .dflppregnane Derivatives. Progesterone is but one 
of a group of saturated and unsatiurated steroids derived from the hydro- 
carbons, pregnane (LIX), m.p. 83.6®,**® and oZk^regnane (LX), m.p. 
8-1°.*“ Some of the naturally occurring members of this group are bio- 



lopcal reduction products of progesterone and usually are found in preg- 
nancy urine. In addition, many of the adrenal substances (p. 1510) are 
also derivatives of this group. The preparation of the pregnanes from 
other steroids usually is involved. From the pseudosapogenins (p. 1462), 
however. Marker *“ has shown that the side chain may be removed by 
oxidation to give excellent yields of A^®-pregnenolones, and, from these, 
various substituted pregnanes and aitopregnanes may be obtained. In 
Table XI the more important members of this group are listed together 
with their sources. 

*«• Femholz, Ber., 67, 1866. 2027 (1934). 

Oppenauer, Rec, trav, chim,, 56 , 137 (1937). 

Marker and Krueger, J. Am. Chem. Soc., 62, 3349 (1940). 

Butenandt and Schmidt, Ber., 67 , 1901, 2088 (1934) ; Serini, Straosberger, and 
Butenandt, U. S. pat., 2,153,700. 

* Cf. p. 1606 for other methods of preparing progesterone. The converdon of choles- 
terol to progesterone by direct oxidation has been described by Tavastshema, Arch. Set. 
Biol. iU.8.SJi.), 40 , 141 (1936) [C.A., 81 , 6670 (1937)], and by Spielman and Meyer, 
J. Am. Chem. Soc., 61 , 893 (1939). The latter authors report a 0.3 per cent yield of crude 
progesterone. The hormone has been obtained also by Dirsoherl and Hanusch, Z. physiol. 
Chem., 257 , 49 (1939), from cholestenone dibromide or from cholestenone. 

Butenandt, Hildebrandt, and BrtLcher, Ber., 64 , 2529 (1931). 

Steiger and Reichstein, Naiure, 141 , 208 (1938) ; Marker et al., J. Am. Chem. 8oe 
60 , 1061 (1938). 

Inter aU, Marker, J. Am. Chem. Soc., 62 , 3360 (1940). 
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TABLE XI 

PBBQNAra AMS A2ZoPBI)ONAia DxBnrATITMS * 


Compound 

M.P. 

®C. 

Source or Derivation 


Uneatumted DialeohoU, C 2 iBuOi 

A<^>Ptegnene-3(^ ,20(a)-diol 

176 

Mares* pregnancy urine. 


DtaXcohoUt C2iHt60s 

3(a) ,20(a)>Pregnanediol 

236 

Pregnancy urine of women, cows, and mares; 
urine of women during secretion phase of men- 
strual cycle; bulls' urine; Na-EtOH reduction 
of A^^-pregnene-3,20-dione. 

'SCa) ,20(/3)>PreKnaziediol 

231-234 

H(Pt) reduction of pregnan-3(a)-ol-20-one in 
neutral or acid media. 

3(/3) ,20(a)-Pregnanediol 

182 

H(Pt) reduction of pregnan-20(a)-ol-3-one in 
acid media. 

3(/3) ,20(/3)-Pregiiaiiediol 

174-176 

H(Pt) reduction of 3,20-pregnanedione in acid 
media. 

3(a) ,20(a)<-AZ2opreg&anediol 

248 

Pregnancy urine of women, cows, and mares; 
urine of women, stallions, and bulls. 

3(a) ,20(/9)-JlUopregnajiediol 

207 

H(Pt) reduction of a22opregnan-3(a)-ol-20-one in 
acid media. 

3(/3) ,20(a)-A2Zopregnanediol 

215 

Na>EtOH reduction of A^'^-aZ2opregnene-3 ,20-dione 

3(i9) ,20(/3)-A22opregnanediol 

192-194 

H(Pt) reduction of 3,20-aZ2opregnanedione in 
neutral media. 


Ketonic AlcohoU, CiiHz 4 p 2 

Pregnan-d (a)-ol-20-oDe 

144 

1 

Pregnancy urine of women and sows; partial hy- 
drogenation in neutral media of 3,20-preg- 
nanedione. 

Pregnan-3 (/3)-ol-20-oxie 

149 

Partial hydrogenation (Pt) in acid media of 3,20- 
pregnanedione. 

Pregiian-20 (a)-ol-3-one 

152 

Oxidation of C 20 esters of 3(a),20(a)-pregnane- 
diol. 

Pregnazi-20(^)-ol-3-one 

172 

Oxidation of C 20 esters of 3(/3),20(/3)-pregnane- 
diol. 

ii22opregiian-3 (a)-ol*20-one 

176 

Pregnancy urine of women; oxidation of Ca 
esters of 3(a),20(a)-a22opregnanediol. 

AZ2opregnan-3 (^)-ol-20-one 

194 

Corpus luteum of sows and cows; adrenals of 
cows; mares* pregnancy urine; sows' urine; 
degradation of stigmasterol 

AZZopregnan-20(a)-K)l-3-on6 

128 

Oxidation of Cao esters of 3(a),20(a)-a22opreg- 
nanediol. 

ii22opr6giian-20(/S)-ol-<3-one 

195 

Oxidation of C 20 esters of 3(/3),20(/9)-a22opreg- 
nanediol. 


Diktionea, Csi<ffs20t 

d,20-Pi«giwii6dione 

118 

Pregnancy urine ci mares; CrOs oxidation of 



3(a) ,20(a)-pregnanediol. 

3,20*^22opc«gnanedione 

200 

Pregnancy urine of mares; CrOa oxidation of 
3(a) ,20( a)-a22opregnanedioL 




Am.CA«m.»K.,M.22ei (1937) 688 a9S«>iM, 61A 868 (19M»:Mid 
faom WiirtsM. 6ra«ww<nm«s6(«^ 
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Of the urinaiy pregnanes, 3(a),20(a)-pregnanediol (LXIII) is present 
(as the glucuronide) during pregnancy in the largest quantity, and was 
the first to be isolated.*” Its nuclear structure has been determined by 
the conversion of the diol to pregnane via 3,20-pregnanedione,*” and the 
hydroxyl groups have been allocated most simply by the converaon of 
the latter to progesterone. The preparation of pregnane from etiocholyl 
methyl ketone by Clemmensen reduction has established the spatial con- 
figuration of the nucleus.*** Early in the study of the diol, on o-con- 
figuration of the Ca — OH group was indicated by the failure of 3(a),20 
(a)-pregnanediol to form an insoluble digitonide, and this has been con- 
firmed by chemical transformations. The steric position of the C 20 — OH 
group cannot be determined unequivocally, but Marker *** has suggested 
that this be regarded arbitrarily as having an oe-configuration. Study of 
the four theoretically possible epimers of pregnanediol has shown that 
this convention is satisfactory. 

The natural 3(«),20(a)-pregnanediol cannot be prepared by hydro- 
genation of 3,20-pregnanedione (LXIV) but has been obtained only by 
reduction of A*®-pregnen-3(a!)-ol-20-one acetate (LXIIa) with so^um 
and alcohol.*** The enolone has been prepared from pseudoep^arsa- 
sapogenin acetate (LXl) by chromic acid oxidation at room tempera- 
ture. When pseudosarsasapogenin acetate, rather than the pseudoepisa- 
pogenin, is oxidized with chromic acid, A^*-pregnen-3(j8)-ol-20-one 
results, and from this 303),20(a)-pregnanediol is obtained on reduction 
with sodium and alcohol.®** Catalytic hydrogenation of 3,20-pr^nane- 
dione (LXIV) with platinum as the catal 3 rst leads to the formation of 
3(a),2003)-pregnanediol-(LXVI) in acid media, and to the production of 
3(j3),20(|3)-prcgnanediol (LXVIII) in neutral media.*** In both cases the 
3-carbonyl group is hydrogenated first, and the intermediates, preg- 
nan-3(o)-ol-20-one (LXV) and pregnan-3(j8)-ol-20-one (LXVII), are 
readily obtained by partial hydrogenation. The A*®-pregnenolones are 
reduced in the nudeus if a palladium-barium sulfate catalyst is em- 
ployed, and are completdy hydrogenated with the formation of a 
/3-oonfiguration of the C 20 — OH group if platinum is used. Thus, A^®- 
pregnen-3(a}-ol-20-one (LXII6) with palladiiun-barium sulfate catalyst 
is hydrogenated to pregnan-3(a)-ol-20-one, and with platinum catalyst 
is reduced to 3(a),2003)-ptegnanediol (LXYI).*** By analogous pro- 
cedures the epimeric oSopregnanediols and allopregnanolones have ]^n 

u> Mairian, Bioehtm. 88, 1090 (1920) ; Butenandt, B«r., 88, 669 (1930) ; Din ge m apae 
et oL, Deta» tTted. Wothachr,, 301 (1930). 

"^Butenandt, Hildebrandt, and Biilcher, Ber., 64, 2529 (1931). 

Marker et, al., J, Am, Chem, 8oc,, 69, 2291 (1937) ; Marker and Lamm, tbid,^ 61, 
588 (1939). 

barker and Eohrmaim, i&id., €6, 518 (1940). 
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prepared from 3,20-aKopregiianedione and from the A^®-aKopregnen- 
olones.®^®* 

From these results, largely due to Marker and co-workers, it is evident 
that catalytic reduction of the ketonic pregnanes in different media 
produces a jS-configuration of the C 20 — OH group, and that only by 
alkaline reduction with sodium and alcohol can an a-configuration be 
obtained. Generally, in the reduction of the C 3 carbonyl groups, iso- 
meric mixtures are formed, with acid media leading to a predominance of 
the compound with a cis relationship between the C 3 — OH and the 
C 5 — ^H, and with neutral media giving a larger proportion of the com- 
pound with a trans relationship of these two centers of asymmetry. 
Thus, von Auwers-Skita’s rule (p. 1373) holds qualitatively. By heating 
with sodium and xylene, the C 3 — OH groups can be epimerized in the 
normal way so that the compound with a trans relationship of the 
C 3 — OH to the C 5 — ^H predominates, but the C 20 — OH groups cannot 
be epimerized in this way. The C 3 — OH groups, whether in a- or 
j 8 *-configuration, are always more reactive than C 20 — OH groups in either 
configuration. Because of this difference in reactivity, it is possible with 
the pregnanediols to acetylate preferentially a C 3 — OH group or to 
deacetylate selectively a C 3 acetate without affecting a C 20 acetate. 

In addition to the urinary pregnane derivatives given in Table XI, 
3(a),16,20-aZfopregnanetriol (LXIX) has been isolated from pregnancy 
urine.®^® When the triol is heated with aluminum isopropoxide, oxida- 
tion and dehydration take place, and A'®-aZiopregnene-3,20-dione 
(LXX) is obtained.®^® The same product is formed by oxidation of 
pseudotigogenin with chromic acid under mild conditions. The dehy- 
dration, with involvement of the Cie — OH group in these two transfor- 
mations, apparently is related to the steric configuration of rings A/B. 
In contrast, 3(/3),16,20-pregnanetriol (LXXI), formed by oxidation of 
pseudosarsasapogenin, is oxidized and dehydrated by aluminum iso- 
propoxide to A^^^^^^-pregnene-3,16-dione (LXXII). 

When aZZopregnan-3<i8)-ol-20-one, m.p. 194.6®, [ajo + 90.8®, is re- 
fluxed in 5 per cent methanolic alkali, a rearrangement occurs, and 
an isoaZZopregnanolone, m.p. 147-148®, [a\j> + 6 ®, is formed in about 
30 per cent yield.®®® The change is reversed by the addition of acid, 
and is easily followed by measuring the optical rotation of the solution. 
The conversion has been demonstrated also for aZZopregnanolone — ♦ iso- 
aZZopregnanolone, 3 , 20 -pregnanedione — » 3,20-isopregnanedione, and A®- 

Hartmann and Locher, Helv. Chim. Acta, IS, 160 (1935) ; Marker and Bohrmann, 
J. Am. Chem. Soe., S2, 898 (1940). 

Haslewood, Marrian, and Smith, Biochem. J., 28 , 1316 (1934); Odell and Marrian, 
J. Biol. Chem., 115 , 333 (1938) ; Marker and Wittle, J. Am. Chem. Soe., 51 , 855 (1939). 

Marker and Turner, ibid., 51 , 2540 (1940). 

•*»Butenandt and MamoH, Ber., 68, 1847 (1935). 
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pregnendlone A* iscpt^enedionc; tibe tjuaige isoprogesterone -* pro- 
gesterone has been realized, but not the reverse.*" The isomerization 
apparently involves only the rearrangement the C 17 — CiOCHs 9 x>up, 





but the iso compounds •with a /^-configuration of the Cb — OH group do 
not form insdui^ digitonides. 

'When stirred at 25° in acetic add solution with persulfuric add 

•n BuMwdt «Bd neiMiHr, 1*. 06 (1087); Butoiuuadt. SolmidVTboait, and 
FMd. Bar., II. 1112 (1980). 
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(Caro’s reagent), the 2(V>prepianones (LXXIII) are ccmvoted to a mix- 
ture of aadrostan-17(a)-ol acetates (LXXIV) and {negnan-21«ol-20-(Hie 
acetates (LXXV).“* Both are obtained in ab^t 30 per cent yidd. The 
reaction affords a direct transition from the pregnanes to the androstanes 
(p. 1499) and, by oxidation of the pregnan-21-ol-20-ones, to the etio* 
oholanic adds (LXXVI). The mechanism of the transformation is 
obscure, but Baeyer and Villiger,*^ who discovered the effect of Caro’s 
reagent on ketones, have suggested that a polymerized peroxide is an 
intermediate product, and that the rearrangement of the peroxide may 
be analogous to the Beckmann rearrangement of oximes. 

The Pregnenes. The methods of introducing unsaturation in’]the 
pregnanes are essentially the same as those discussed in connection with 
the other steroids. Thus, from 2-bromoaZlopregnane-3,20-dione, 
A^-aSopregnane-3,20-dione is obtained by heating with pyridine bases, 
and h-A^-aIZopregnene-3,20-dione by reacting with potassium acetate.*'* 
As mentioned earlier, A^-pregnene-3,20-dione (progesterone) is formed 
when 4-bromopregnane-3,20-dione is treated with pyridine. Becaiise 
of the importance of progesterone, a number of ingenious methods have 
been developed for its production or for the production of the inter- 
mediate A‘‘-pregnen-303)-ol-2O-one. Although this intermediate may 
be isolated from the mixtiire obtained by the oxidation of 5,&-dibromo- 
sterols, the yield is low and the isolation involved.*** More satisfactory 
is the degradation of 303)-hydroxy-A^-bisnorcholenic add by Barbier- 
Wieland’s method (p. 1357) or by Curtius degradation via the azide 
through the C 2 o amine and the C 20 alcohol.*** Prderential hydrogena- 
tion with palladium-barium sulfate of a Cia ethylenic linkage in A*’^®- 
pregnadien-3(d)-ol-20-Qne, formed by oxidation of pseudodiosgenin 
derivatives, leads also to A®-pregnen-303)-ol-20-one.*®* The most satis- 
factory method of ddiydrogenating and rearran^g pregnenolone to 
progesterone is by the use of Oppenauer’s method. If quinone is used in 
place of acetone or cyclohexanone as the hydrogen acceptor, dehydro- 
genation at Ce takes place in addition to the normal change and 6-dehy- 
droprogesterone is formed.*** Other transformations leading to the 
pregnenes are discussed in connection with the members of the andro- 
stane group and of the adrerud substances. 

•** Marker ei ol.. J. Am. Chem. Soe., 68, 650, 2643 (1040). 

Baeyer and Villiger, Ber., 82, 3625 (1899) ; 33, 858 (1900) ; c/. RoUett aftd Bratke, 
Moruum^., 43, 685 (1922); Ruaioka and 8toU, Hdv. Chim, Aeta, 11, 1150 (1028). 

Fiajii and Matmikawa, J. Pharm. Soe, Japan, 56 , 24 (1936) [Chem. Zonir., (II) 1354 
(1036)] ; Rueioka and Fiaoher, Helv. Chim. Acta, 20, 1291 (1937). 

*** Bhrhart, Riuadiig, and AumOller, Angeiff. Chem., 32, 363 (1030) ; BockmOlil, Eh rh a r t, 
and Riuolug, XJ. 8. pat. 2,108,646. 

*** Marker and Krueger, J. Am, Chem. Soe., 62, 3340 (1040). 

Wettstein, JEfeZv. Chim. Aeta, 03 , 383 (1040). 
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Urane Derivatives. From the residues of the extracts of mares’ preg- 
nancy urine, Marker and co-workers “* have isolated two compounds, 
which are formulated provisionally as 30S),ll-uranediol (LXXVIII) and 
3(a),ll,20-uranetriol (LXXIX). Urane, m.p. 128®, the parent hydro- 
carbon, is regarded tentatively as being epimeric at C 9 with pregnane. 
The evidence for this isomerism comes largely from the study of mane- 
trione, the triketone from uranetrioL All the hydroxyl groups of urane- 


CH, 

CHOH 



T.TT VTTT 8 (p)M - Uranedlol 
(proYiaional) 


CH* 


CHOH 



IXXIX. 8 (a),U, SO-UnnotrloI 
(provisloDol) 


triol can be acetylated, but one of the carbonyl groups of uranetrione is 
unreactive. This suggests attachment of the unreactivc carbonyl group 
at Cii or C 12 , as has been noted with other steroids (p. 1516). Urane- 
trione is not changed by boiling with acetic acid-hydrochloric acid, but is 
converted to a mixture on refluxing with methanolic alkali. The effect 
of the alkali may be to cause a partial epimerization of the C9 — 
(< 5 f. oZZohyodesoxycholic acid, p. 1420). Consistent with this, when 
uranetrione is hydrogenated with platinum in acetic acid and the product 
oxidized with chromic acid, a mixture of 3 , 20 -pregnanedione and urane- 
dione, identical with the oxidation product of natural uranediol, is 
obtained. Since manetriol does not and uranediol does give a precipi- 
tate with digitonin, opposite configurations of the C3 — OH groups are 
asrigned. 

I^ysiological Relationships of Progesterone. For several years 
after their isolation, progesterone and its enol acetate were the only 
known compounds with progestational activity. It is now evident 
that certain modifications of the molecule may be made without destroy- 
ing its ph 3 ^ological activity, but that retention of the C3 carbonyl 
group in conjugation with the double bond at C4 : Cs is essential 
for pot^cy. If the double bond at C 4 : Cs is shifted to Ci : Cg, to 

» Markar tt al., J. Am. CAcm. 80 c., 60, 210, 1001 (1038) ; 61, 2710 (1030). 

*** jffiOttnmiientdtaflen, M, 606 (1030). 
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C5 : Ce, or to Cie : C17, activity is completely destroyed.®*® With the 
structure of ring A constant, introduction of a double bond at Ce,®®^ or of 
a 6(a?)-hydroxyl group (as acetate),®*^ decreases the activity to one-half 
and one-third, respectively. The presence of an hydroxyl group at Cn,®** 
or of a carbonyl group at Ce®** or at Cn,®** destroys activity. Modifica- 
tion of the Ci7 side chain leads to a variety of effects. Hydrogenation 
of the C20 carbonyl group destroys potency,®** as does the introduction 
of an hydroxyl group at C17 [17(i8)-hydroxyprogesterone],®*® but an 
hydroxyl group at C21 (21-hydroxyprogesterone acetate) does not 
destroy activity.®*® Shortening or lengthening the C17 side chain by a 
methyl group (20-norprogesterone and 21-methylprogesterone) de- 
creases the activity to one-tenth, and lengthening by an ethyl group 
(21-ethylprogesterone) destroys activity completely.®*^ Isomerization 
of the Ci7 side chain (isoprogesterone) likewise apparently destroys 
activity. Expansion of ring D into a six-membered ring (neoprogester- 
one, p. 1526), by incorporation of part of the C17 side chain with a shift 
of the carbonyl group to C17, also destroys potency. Thus, the enol 
acetate of progesterone is the only compound with potency nearly equal 
to progesterone itself. In addition, testosterone and a number of 17- 
alkyltestosterones (p. 1505) have slight progestational activity. Im- 
portant among these is 17-ethinyltestosterone, which has progestational 
potency when administered orally.®*® 

In women, progesterone is formed solely by the corpus luteum dur- 
ing the second half of the menstrual cycle and during the first few months 
of pregnancy. After the second or third month of pregnancy, the pla- 
centa becomes the principal site of progesterone formation, and this 
transition is a critical phase in gestation.®*® With the development of 
the placenta as a source of the hormone, the amount of reduction prod- 
uct, 3(a),20(a)-pregnanediol, excreted in the urine gradually rises from 
1-8 mg. per day to a level of 60-100 mg. per day at the end of preg- 

Butenandt and Mamoli, Bcr., 68, 1850 (1935) ; Butenandt and Schmidt-Thomfe, 
Bcr., 69 , 882 (1930) ; Butenandt, Mamoli, and Heusner, Ber., 72 , 1614 (1939). 

*21 Ehrenstein and Stevens, Org. Chem,, 6 , 318 (1940). 

**? Reichstein and Fuchs, Helv. Chim, Acta^ 23, 664 (1940). 

»»» Ehrenstein, J. Org, Chem., 4 , 506 (1939). 

*•* Butenandt and Schmidt, Ber., 67, 2088 (1934). 

»»» Pfiffner and North, J. Biol, Chern,, 132 , 459 (1940). 

**• de Fremery and Spanhofff Acto Brovia Neerland, Physiol* Pharrnacol, JkTtcrobwZ., 9, 
79 (1939) [C. A., 33, 4299 (1939)]. 

Miescher, Hunziker, and Wettstein, Helv, Chim. Ada^ 28 , 1367 (1940) ; V7ettstein, 
t5id., 23 , 1371 (1940). 

Inhoffen et. al., Ber„ 71 . 1024 (1938) ; Ruzicka, Hofmann, and Meldahl, Helv, Chim 
Ada, 21 , 372 (1938) ; Serini and K6ster. Ber., 71 , 1766 (1938); Inhoffen andKdster, Bcr, 
72 , 595 (1939) ; Hohlweg and Inhoffen, Klin. Wochschr., 18 , 77 (1939). 

Review: Westphal, NiUurmssenschaften, 30, 461 (1940). 
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The rite of oonverrion of proeesterane to pregnanedial is not 
eertain, but usually the ^dometrium is regturied as an important tissue 
in the reduction.**^ In any event, after reduction pregnanediol ^curon<' 
ide is excreted in the urine and may be extracted with butanol.*** The 
oti(^ of the other urinary compounds of Table XI and the form in 
which they are excreted are uncertain. 

The Androgenic Hormones 

From the urine of males, females, and eunuchs, and from testicular 
extracts, a number of hormones have been isolated which, when injected 
into castrated or immature males, bring about the restoration or develop- 
ment, respectively, of the latent secondary sexual characteristics. As 
with the estrogens, it was essential to have a biolo^cal method of assay 
for the isolation and study of these male hormones. The first feasible 
method was one developed by Gallagher and Koch,*** in which the effect 
of the hormone on comb growth in capons is measured. At present the 
unit of activity (international comb unit) has been defined by intema- 
tionri agreement as 0.1 mg. (100 ^g.) of the male hormone, androsterone 
(Gr. : andro, male).*** The assay is carried on in two groups of standard- 
ized capons, one with the standard hormone, the other with the substance 
under investigation. The growth of the comb is determined by means of 
a shadowgraph or by direct measurement of certain portions of the 
comb. 

In a second method of assay, the effect on the accessory sex organs 
in castrated and immature rats (or mice) is measured. The assay is not 
as well defined as that on capons, and in this discussion only the values 
obtained by the methods of Butenandt and Tscheming*** and of 
Tschopp *** will be cited. In the Butenandt-Tscheming method imma- 
ture rats (4 werirs old) are injected with a solution of the hormone in 
sesame oil for eight successive days, and on the ninth day a histological 
examination of the seminal vericles is made. By varying the level at 
whirii the hormone is injected, that concentration which brings about 
development of the seminal vericles comparable to that of control rats is 

Venning, /. BM. Chem., US. 697 (1938). 

Venning and Browne, Am. J. PKynol., ISS, 209 (1938); HamUen, Adtlejr* 
Buptist, Endocrinology 84, 1 (1939) ; Buxton and Westphal* Proc. Soc. ExpU. BioL Med., 
41, 284 (1939). 

Yeojung and Browne, Proc. Soc. Ezptl. Biol, Med., 84, 792 (1936) ; Odell and Mar- 
xian. Biochom. J., 80, 1533 (1936) ; Venning, J. Biol. Chem., 119, 473 (1937). 

*«*Qa}lttgb«r and Koch, J. Pharmacol., 40, 327 (1930). For review of the test, see 
GuatavBOAv Chapter XIV, in Allen, **Sex and Eternal Secretions,*' 2nd ed., Williams and 
YTilkins Co., Baltimore (1939). 

Tsoheming, Bar., 08, 679 (1935). 

^ Tac!uHn>, Arch, tniem. pharmacodurMmie, 88, 381 (1936). 



THs sfmtoiDa 


detenained. In the test of Tschopp, rats are castrated Trhile iiamatuie 
and, after thirty days, are injected subcutaneously once a day for ten 
days with an oil solution of the hormone. At the. end of the ten^lay 
period, the animal is killed, and the seminal vesicles and the prostate are 
weighed. The daily level of hormone necessary for the development of a 
seminal vesicle weighing 40 mg. is determined either directly or by extra- 
polation. The results in both cases are expressed as rat units (R. U.), 
but the values from one assay are only qualitatively comparable to those 
of the other. 

The natural androgens and their numerous transformation products 
are derivatives of etioallocholane (LXXX), This hydrocarbon was not 
known prior to the work on the androgenic hormones; it melts at 45-60° 
as against 79-80° for the isomeric etiocholane.®** The physical proper- 
ties and the physiological potencies of the important natural and derived 
androgens are given in Table XII. 

Isolation of the Urinary Androgen. In 1931-32 Butenandt**^ 
reported the isolation of three compounds from the oil obtained by 
extracting male urine which previously had been boiled with hydrochloric 
acid. The substance obtained in largest quantity (20-25 mg.) was an 
hydroxyketone, C 19 H 30 O 2 , to which the name androsterone was ^ven. 
In analogy to the estrogenic hormones, Butenandt suggested a struo- 


CH, 



(ADdj'Ostane) 

ture for androsterone, in which the functional groups were correctly dis- 
tributed but in which the spatial configurations were in error. Plausi- 
bility was pven to this suggestion by the discovery that a completely 
reduced estrone, octahydroestrone, had male hormone activity.*** At 
this point, Buzicka ‘‘® converted the acetate of dihydrocholesterol, by 

Butenandt and Tscheming, Z. phyaiol, Chem,, 229 , 185 (1934) ; Rdohstein, Hebt, 
Chim. Aeta, 19. 979 (1936). 

Butenandt, Z. angetn. 44 , 905 (1931) ; Angew. Cham., 46 , 655 (1932) ; Nature, 
180, 238 (1982). 

^ Butenandt, Wieri. Klin. Wochschr., 47 , 935 (1934). 

Bohoeller, Sqbwenk, and Hildebrandt, Naturvneeemehoiften, 21, 286 (1933) ; Direoheri 
and VoM, ibid., 22, 315 (1934). 

9ua(cka,, Gddber^, and BrOngger, Helv, Ckim» 4cto, 17^ 1389 (1934)* 
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chromic add oxidation, to etioaZ2ocholan-303)-ol-17'-one, and found it to 
be about one-eeventh as potent as natural androsterone. Identification 
of androsterone as etiooHocholaii-3(a)-ol-17-one (LXXXII) was soon 
accomplished by oxidizing epidihydrocholesterol (LXXXI) with chromic 
add.*** At the same time the epimeric etiocholan-3-ol-17-ones were pre- 
pared from eoprosterol and epicoproeterol and found to be inactive even 



in doses fourte^ times that of androsterone. Shortly after this work by 
Rudcka, Butenandt *** published the results of the examination of the 
structure of androsterone isolated from urine, and fully confirmed struo- 
toreLXXXn. 

The other two substances otipnally isolated from urine proved to be 

***Biuiola, Ooldberc, Meyer, BrOnseer, and Eiolienbertw, ibid., IT, 1806 (108^; 
Rniidca, CMdberg, and '^n, ibid., 18 , 61 (1935). 

*•* Butenandt and TaebendnB, Z. tbytiol. CKm., 889 , 167, 186 (.1986), 
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dehydroandrosterone (IJCOIV) [A*-etiochoIen-30)-oH7-one3 and 
cUorodehydroandrost^ne, formed by replacement of the Cs — OH 
group of dehydroandrosterone with chlorine.®®* The structure of 
dehydroandrosterone * was easily elucidated by appheation of the 
chromic oxide oxidation method to dibromocholesteryl acetate, followed 
by debromination of the oxidation product with zinc.®®® 

A nearly inactive compound, etiocholan-3(a)-ol-17-one, is also 
present in urine.®®® It was first isolated as a corresponding 3,17-diol,®®® 
and it was some time before it was established that aU the urinary 
androgens are 17-ketosteroids. t These three substances, androsterone, 
dehydroandrosterone, and etiocholan-3(a)-ol-17-one, are present in 
about the same quantities in male, female, and eunuch's urine.®®® 

Testosterone. In the summer of 1936 the group of workers headed 
by Laqueur ®®^ presented convincing evidence that the male hormone 
obtained from testicular extract was different from those that had been 
isolated from the mine. This was apparent from the greater potency 
and from the fact that the potency of testicular extract was destroyed 
by treatment with alkali. A few milligrams of this very important 
compound was isolated and given the name testosterone. On examina- 
tion, the testicular hormone proved to be an unsaturated kotone alcohol 
with strong absorption at 240 m/x (a,i8-unsaturated ketone). The rela- 
tionship of testosterone to progesterone was obvious, and it seemed prob- 
able that the two were structurally similar. 

The structure of testosterone (III) was established by David ®®® of 
Laqueur’s group through its oxidation to A^-androstene-3,17-diane 
(LXXXV), which is easily obtained from dehydroandrost^one by the 
standard procedures for the conversion of a A^-en-3-ol to a A^-en-3-one. 
This structure was confirmed by partial syntheses developed independ- 

Butenandt and Groase, Bar., 69, 2776 (1936) ; Wallis and Femholz, J. Am. Chem. 
Soc., §9, 764 (1937), 

* This compound is named transdehydroandrosterone by Ruucka» since the Ct— 
group has the opposite configuration of the Cs — OH group of androsterone. Fieser has 
suggested the name defaydroisoandrosterone. 

Schodler, Serini, and Gehrke, Naiurwisaenschaftent S3, 337 (1935) ; Butenandt ei al., 
Z. physiol. Chem., S87, 57 (1935) ; Rusicka and Wettstein, Helv. Chim, Acta, 18, 986 (1935) ; 
Wallis and Femholz, J. Am. Chem. Soc., 57, 1379, 1504 (1935). 

•w Callow and (fallow, Bioehem. J., 83, 931 (1939) ; 84, 276 (1940). 

••• Ruzioka, Goldberg, and Bosshard, Helv. Chim. Acta, SO, 451 (1937) ; Butenandt, 
Taohemitig, axui Dannenberg, Z. physiol. Chem., S48, 205 (1937). 

t From the pregnanoy urine of women. Marker et cH., J . Am. Chem, Soc,, 59, 616, 768 
(1937), isolated aZZopregnan-3(a)-ol-20-one (spioUopregnanolone) and reported it to have 
male hoimone activity comparable to that of androsterone. Butenandt and Heusner, 
Z. physiol. Chsm„ 856, 236 (1938), have found that epiollopregnanolone is without male 
honoone aoUvity. 

David, Dingemanae, Freud, and Laqueur, Z. physiol, Chem,, S88, 281 (1935). 

David, Aeta Bresia Neerkaid* FhysUA. Pharmacol, MicrclM., 8, 85, 108 (1935). 
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ently by Butenandt and by Riizicka at nearly the same time; the 
transformation shown (p. 1502) is due to Ruzicka. By this method the 
acetate of dehydroandrosterone was reduced in the presence of nickel to 
the acetate of A®-androstene-3,17-diol (LXXXVI). The product was 
benzoylated at C 17 and then saponified at ca. 15®. In saponification, 
hydrolysis took place, preferentially at C 3 , to give a C 17 half ester, which 
was then converted to the ester of the a,iS-unsaturated ketone either by 
direct oxidation with chromic acid or by oxidation of the 5 , 6 -dibromo 
compound followed by debromination with zinc. The method of 
Butenandt was similar to that of Ruzicka, save that the diacetate rather 
than the mixed ester of A®-androstene-3,17-diol was employed.* 

Stereochemistry of the Hydroxyl Groups. As is evident from the 
physiological activities of androsterone and of isoandrosterone (Table 
XII), the configuration of the C 3 — OH group has an important effect on 
the potency of the androgens. Even more pronoimced is the effect on 
the potency of the configuration of a C 17 — OH group. The mode of 
formation of A®-androstenediol by catalytic reduction of dehydroan- 
drosterone in neutral media indicates that the C 17 — OH group is trans 
to the Ci 3 — CH 3 group (v. Auwers-Skita rule, p. 1373) and, according 
to the convention used in this discussion, has an a-configuration. From 
the residues of large-scale preparation of A^-androstenediol, Ruzicka 
has isolated cis-A^-androstenediol, the Ci 7 epimer of A®-androstenediol, 
and from this has prepared m-testosterone. Both m-A^-androstenediol 
and cis-testosterone are much less potent than their epimers. Compari- 
son of the physical properties (Table XII) of the two testosterones 
shows that testosterone has a lower melting point and a higher specific 
rotation than m-testosterone. In accord with the assigned structures, 
the esters of testosterone are hydrolyzed more rapidly than those of 
cis-testosterone,^® and testosterone is dehydrated less easilyf than its 

Butenandt and Hanisch, Ber., 68, 1859 (1935) ; Z. physiol. Chem., 837, 89 (1935). 

Ruzicka and Wettstein, Helv. Chim. Acta, 18, 1264 (1935); Ruzicka, Wottstein, 
and K&gi, ibid., 18, 1478 (1935). 

*A second testicular hormone, m.p. 129-130®, and four inactive compounds from hogs’ 
testes have been reported by Ogata and Hirano, J. Pharm. Soc. Japan, 64 , 199 (1934) 
[C.A., 89, 1871 (1936)1, and by Hirano, J. Pharm. Soc. Japan, 66, 717 (1936) {C.A., 31, 
3125 (1937)1, but apparently investigation of their structures has been discontinued. 

Ml Ruzicka and Goldberg, Helv. Chim. Acta, 19, 99 (1936) ; Ruzicka and Kftgi, ibid., 19, 
842 (1936). 

t The difference in the ease of dehydration is shown by one of the color tests developed 
by K&gi and Miescher, reference 87. When cts-testosterone is heated in acetic acid solu- 
tion with a trace of concentrated sulfuric acid, the solution cooled, and an aoetio acid solu- 
tion of bromine added, a bluish red color develops. With testosterone under the same 
conditions, no color is produced. Similar results are obtained with the other 17-hydroxy- 
steroids: those wiUi an a-conffguration are resistant to mild dehydration and do not give 
colors, while those with a ^-configuration readily give colors. Under more vigorous con- 
ditions dehydration, both oe- and ^-forms are d^ydrated, probaUy with the introduc- 
tion of a double bond at C13: C 17 and with a migration of the Cit — CHa group to Cir- 
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epimer. With A®-androstenediol and testosterone as reference com- 
pounds, the steric configuration of hydroxyl groups at C 17 of many other 
androstane derivatives has been established. As is shown in later trans- 
formations, other addition reactions taking place with C 17 carbonyl 
groups lead to a predominance of the epimer with an ^-configuration of 
the CiT — OH group. 

Transformation of the Androgens. After the structures of the 
natural androgens had been determined, Ruzicka, Butenandt, and others 
investigated methods of producing variations in their molecular struc- 
tures. Largely by the application of principles discussed in connection 
with the other steroids, saturated and unsaturated diketones,®® ketone 
alcohols,®® dialcohols,®® and 17-alkyl derivatives ®®® from etioaZZocholane 
and etiocholane have been prepared, but will not be discussed in detail. 
For these transformations dehydroandrosterone and isoandrosterone are 

5,77--An<frostonedwme; Butenandt and Tscherning, Z. physiol. Chem.t 2S9, 185 
(1934); Ruzicka, Goldberg, and Meyer, Helv. Chim. Acta, 18, 210 (1935). 3,17-Etio- 
cholanedione: Butenandt, Tscherning, and Dannenberg, Z. physiol. Chem., 248, 205 (1937). 
6}’-Androstene‘-S,17-dione: Butenandt and Dannenberg, Ber., 73, 206 (1940). fc-A'- 
Andro8tenc-S,J7-dione: Butenandt and Dannenberg, Ber., 69, 1158 (1936) ; Butenandt 
et al., Ber., 72, 1617 (1939). A^~Androslene-3,17’^ione: Ruzicka and Wettstein, Helv. 
Chim. Acta, 18, 986 (1935) ; Butenandt and Kudzus, Z. physiol. Chem., 237, 75 (1935) ; 
Wallis and Fernholz, J. Am. Chem. Soc., 57, 1511 (1937) ; Oppenauer, Rec. trav. chim., 66, 
137 (1937) ; Schoeller, Serini, and Logemann, IT. S. pat. 2,175,220; Ruzicka and Wettstein, 
U. S, pat. 2,194,235. A^^Andro8tene’3,17-dione: Butenandt and Schmidt>Thom4, Ber,, 
69, 882 (1936). A**^‘Andr08tadiene~S,17-dione: Ruzicka and Bosshard, Helv. Chim, Acta, 
20, 328 (1937). 

Andro8tan-S((oi)~ol-17-one (Androsterone) : references 551 and 552. Andro8tait^(,0)~ 
oUl7-one {Isoandrosterone): reference 550. Androsia'n-17{a)-olS'-one {Dihydrotestosterone): 
Butenandt, Tscherning, and Hanisch, Ber., 68 , 2097 (1935) ; Ruzicka and Goldberg, Helv. 
Chim. Acta, 19, 99 (1936). Androstan^l7{^)-ol-S~one: Ruzicka and K&gi, ihid., 20, 1557 
(1937). A^‘Andro8ien’-17{a)^ol-S’-one {Testosterone) : references 559 and 560. A^^Androsten^- 
17{fi)-^lS-one {ds-Testosterone) : reference 561. A^-Androsten~3{a)-ol-17~one {Epide^ 
hydroandrosterone) : Ruzicka and Goldberg, Helv. Chim. Acta, 19, 1407 (1936). A^-Andro- 
steiv-S{^)--oU17’One {Dehydroandrosterone): references 554 and 566. A*'^-Andro8tadien‘ 
17{a)-olS’‘One: Ruzicka and Bosshard, Helv. Chim. Acta, 20, 328 (1937) ; Wettstein, ibid., 
23, 388 (1940). 

^ 3{a),17{a)~Andro8tanediol: Ruzicka et al., Helv. Chim. Acta, 18, 210 (1935) ; Buten- 
andt and Tscherning, Z. physiol. Chem., 234, 244 (1935). 3{oi),17{^’-Andro8tanediol: 
Ruzicka and K£igi, Helv. Chim. Acta, 20, 1557 (1937). 3{fl) ,17{a)'-Andro8ianedi6l: Ruzicka 
et dl., itnd., 18, 1487 (1935); Butenandt et al., Ber., 68, 2097 (1935). S{a),17{a)-Etio- 
cholanediol: reference 556. A^-‘AndrosteneS{a),17{a)-diol: Ruzicka, Goldberg, and Bos- 
shard, Helv. Chim. Acta, 20, 541 (1937). A^~Andro8tene^{0),17{a)^iol: Ruzicka and 
Wettstein, ibid., 18, 1264 (1935) ; Butenandt and Hanisch, Ber., 68, 1859 (1935) ; Z. 
physiol. Chem., 237, 89 (1935). A*-Andro«feiie-S(/3),i70)-diol; Ruzicka and 1^9, Helv. 
Chim. Acta, 19, 842 (1936). 

Z 66 derivaiives: Ruzicka et al., Helv. Chim. Acta, 18, 210, 1487 (1935) ; Miescher 

and Klarer, ibid., 22, 962 (1939) . 1 7-Eihyl derivatives: Ruzicka et al., ibid., 18, 1487 (1935) ; 
19, 357 (1936); Butenandt et al., Ber., 71, 1313 (1938). 17-Vinyl derivativee: Serini 
and Logemann, Ber., 71, 1362 (1938) ; Ruzicka and Hofmann, Helv. Chim. Acta, 22, 150 
(1939). 17-Eihinyl derivativee: Ruzicka and Hofmann, Und., 20, 1280 (1937); Kathol, 
Logemann, and Serini, Noiturwissenechoifien, 26, 682 (1^7) ; Inhoffen, Logemann, Hofalweg, 
and Serini, Ber., 71, 1024 (1938). 
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the preened intermediates, since they are more readily aoceadble than 
androsterone. Dehydroandrosterone is nearly always prepared from 
dibromodiolesteryl acetate (ca. 3 per cent yield), ^ but it has been 
obtained also from other sterols and steroids. Similarly, isoandroster- 
one is obtained from diolesterol via dihydrocholesterol. The prepara- 
tion of androsterone from cholesterol presents the difficulty of producing 
an a-configuration of the C 3 — OH group,*** and because of this andro- 
sterone is seldom employed as an intermediate. Among other inteiv 
mediates for the preparation of androsterone derivatives, Marker *** has 
suggested the 17(a)-hydroxysteroids formed by the action of Caro’s acid 
on the pseudosapogenins. (C/. p. 1495). 

A number of reactions involving 17-ketoandrostane derivatives are 
especially important because they provide methods for developing a side 
chain at C 17 . By the action of alkyl Grignard reagents on the 17-keto- 
androstanes, a mixture of isomers is obtained in which the 17(a)-hydroxy 
derivatives predominate.*^* Similarly, when hydrogen cyanide or alkali 
acetylides are employed, the 17(a)-hydroxy derivatives are the principal 
products.®’^ The 17(a)-hydroxyandrostane derivatives exhibit the pe- 
culiarity of not forming insoluble di^tonides when there is a free 303)- 
hydroxyl group present in the molecule.*'’* On the other hand, the 
1703)-hydroxy derivatives form insoluble digitonides in the expected 
manner. Whether the inhibition of insoluble digitonide formation is 
due to the position of the hydroxyl group or to that of the side chain is 
uncertain, but the latter seems more probable in view of the behavior of 
the isopregnanes (p. 1493). 

Using the cyanohydrin LXXXVII, obtained from dehydroandro- 
sterone, Butenandt *** has developed a method for tire preparation of 
progesterone. The conversion is carried out by dehydrating the nitrile 
and reacting the dehydrated product LXXXVIII with methyhnag- 
netium bromide. In this way, A*’^*-pregnadien-3-ol-20-one (LXXXIX) is 
obtained, and from the latter progesterone is formed by reduction with 
Raney nickel hydrogenation) followed by oxidation and rearrange- 
ment by Oppenauer’s method. Conversions of dehydroandrosterone to 

*** Cf. Butenandt et aJt,, referenee 554, and Kiprianov and Frenkd, J. Gen. Chem. 

9 . 1682 (1939) [C. A., 84 . 3756 (1940)]. 

Oppenauer. Nature, 136, 1039 (1935) ; Ruaicka, Fischer, and Meyer, Helv. Chim, 
Ada, 18 , 1483 (1935). 

Cf. Callow and Deanesly, Biochem. J., 89 , 1424 (1935), and Rudcka, U. S. pat. 
2,161,389, for preparative details. 

Marker et al., J. Am. Chem. 8oc., 68, 521, 650, 2543, 3003 (1940). 

^ Inter at., Mieacher and Klarer, Bele. Chim. Ada, 88 , 962 (1939). 

Miescher and Wettstein, ilnd., 81 , 1317 (1938). 

•7* Cf. Beichstra and G&tsi, ibid., 81 , 1185 (1938). 

•7< Butenandt and Schmidt-Thom^, Ser., U, 1487 (1938) ; 78 , 182 (1939). 
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progesterone have been realized also by way of 17-ethylandrostenediol 
(XC),”^ or of IT-ethinylandrostenediol,®"^® and by way of the reaction 
product of dehydroandrosterone and ethyl a-chloropropionate.®’® With 
the 17-ethyl derivative (XC), dehydration gives a product (XCI) which, 
on oxidation with osmium tetroxide, is converted to a glycol (XCII). 
The C 21 acetate (XCIII) of the latter, on distillation with zinc dust in 
high vacuum,®^^ is dehydrated and reduced to iso-A^-pregnenolone 
(XCIV), and from this both isoprogesterone and progesterone are 
obtained. The hydration of the ethinyl derivative produces not only 
progesterone, but also neoprogesterone, and is discussed later in connec- 
tion with homosteroids (p. 1626). With ethyl a-chloropropionate, 
dehydroandrosterone gives an ester oxide (XCV) which, on hydrolysis, 
is converted to the acid XCVI and a mixture of A^-pregnenolone and 
iso-A^-pregnenolone. 

Only a limited amount of work on the conversion of the androgens to 
the estrogens has been done, but, by aromatization of ring A, InhofFen 
has converted androstan-17(a)-ol-3-one (XCVII) to a-estradiol (I). In 
the transformation, A^’^-androstadien-17(a)-ol-3-one acetate (XCVIIIa) 
was employed as an intermediate and was prepared by treating 2,4- 
dibromoandrostan-17(a)-ol-3-one acetate with collidine. After sapon- 
ification of the ester, the free alcohol (XCVIII6) was heated to 325®, 
and from the reaction mixture a-estradiol was obtained in co. 50 per cent 
yield. Probably the first step in the thermal change is the migration of 
the Cio — CHa group to Ci with simultaneous aromatization of ring A 
to form 1-methylestradiol (XCIX). As evidence of this the latter is 
formed when A^’^-androstadien-17(a)-ol-3-one is acted upon by a mix- 
ture of concentrated sulfuric acid and acetic anhydride.* In the pyroly- 
sis, the Cl — CHa group of 1-methylcstradiol is replaced by hydrogen, 
probably at the expense of the thermal product not accounted for. In 
passing, it may be noted that 1-methylestradiol is a weaker phenol than 
estradiol and is physiologically inactive. 

Structure and Physiological Activity. Clinically, testosterone is the 
most important of the androgens. It is usually administered in the form 

Butenandt. Schmidi>Thom6, and Paul, Ber., 72, 1112 (1939). 

Goldberg and Aescbbacher, Heha. Chim. Acta, 22, 1186 (1939). 

»»®yamall and WaUis, J. Am. Chem. Boc., 69, 961 (1937) ; U. S. pat. 2,123,217. 

Method of Slotta and Neisser, Ber., 71, 2346 (1938). 

Inhoffen, Angew. Chem., 63 , 471 (1940) ; Inhoffen and Ziihladorfif, Ber., 74 , 604 (1941). 
* Parallels for the migration of the angular methyl group from Cio to Ci are found in 
the conversion of santonin to desmotroposantonin [Clemo, Haworth, and Walton, J. Chem. 
Soe., 2368 (1929); 1110 (1930); Clemo and Haworth, ibid., 2679 (1930)], of A^'^choles- 
tadien^-one to the cholesterol analog of l-methylestradiol pLnhoffen and Huang-Minlon, 
NaiurvrieBenedmftm, 26 , 756 (1938)], and possibly of dianhydrostrophanthidin hemiacetal 
to trianhydrostrophanthidin (p. 1442). 
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of the propionate, since this ester, of the many that have been studied, 
seems to have the most prolonged action and the most favorable effect 
on seminal vesicle growth.®^® Because of the plurality of the biological 
effects, it is difiElcult to discuss structure and physiological action of the 
androgens. Korenchevsky and co-workers,®*® from a study of the effects 


OAc 




XOYll. Aodr(Mtan47(aVol< 
8.one acetate 


A^^'Androstadien-l? (a)ol4l-ODe 
XCVlIIa, R— Ac 



of the androgens and of mixtures of the androgens with other hormones 
on the entire genital system in both sexes, have concluded that, apart 
from progesterone, there are no purely “male” or “female” hormones. 
This is borne out by the distribution of estrone in urine, and by the 
fact that the same androgens are found in about equal quantity in the 
luine of males, females, and eunuchs.®® According to Korenchevsky, 
the androgens may be divided into two groups : those with bisexual char- 
acteristics and those with chiefly male characteristics. To the bisexual 
group belong dehydroandrosterone, testosterone, and A^-androstenediol, 
since, in spite of their potency as androgens, they restore atrophied 
sexual organs in about the same degree in both males and females. 
Among the chiefly male hormones are androsterone, androstanediol, 

Rucicka and Wettstein, Reb. Chim. Acta, 19. 1141 (1936) ; Miewdier, Wettateia 
and Tschopp, Bioehem. J., 80, 1977 (1936) ; MieBoher, Wettst^ and Schola, IT. 8. pat 
2.109.400. 

*** Raviaw: Eoianohavaky. Evgeh, Viiofnift^Hcinnonfonch,^ S. 418 (1989). 
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testoertenme intonate, aod probably A^-aodrostenedioiie. Of these, 
testosterone propicMiate is the most important because oi its high activ- 
ity and because of its extensive use clinically. Consideraiion of struc- 
ture and physiological activity is further complicated by the issues of 
codperative and antagonistic activities. Ip normal individuals a balance 
is maintained among the various hormones, certain characteristics 
resulting from codperation and others from antagonism. 

It is evident then that the values obtained for the activities of the 
androgens have no particular meaning unless considered in relation to 
the organism as a whole. This is extremely difficult. It is possible, 
however, to make some generalizations on the potency as determined 
by the special assays. From the data of Table XII, it is clear that the 
compounds related in structure to testosterone are the most potent 
androgens, and that this potency appears to be due largely to the 
presence of the carbonyl group at C3 and unsaturation at C4 in conju- 
gation with this carbonyl group. Shifting the position of the unsaturar 
tion to Ci: C2 reduces the potency markedly. Given the favorable 
structure in ring A, the configuration about C17 has an important bear- 
ing on the activity, as is shown by the activities of testosterone and of 
cis-testosterone. Even though this favorable structure in ring A is 
retained, the introduction of alkyl groups at C17 modifies the physio- 
logical action so that both androgenic and progestational effects are 
manifested. Certain variations of structure in rings A and B bring 
about loss of androgenic potency and development of estrogenic activity. 
This is illustrated by the fi-A^-androstane derivatives,®” formed by 
treating Z-bromoandrostanes with potassiiun acetate, by 6-oxotestos- 
terone,®® and by the 3-carboxyandrostan-17-ones,®®* all of which have 
moderate estrogenic activity. 

THE ADRENAL SUBSTANCES 

In the cortex of the adrenals are formed a number of steroid hor^ 
mones whidi are essential to life. A deficit of these cortical substances 
(Addison’s disease) produces, bronzing of the skin, mriscular weakness, 
a rise in blood urea, changes in the carbohydrate metabolism, and dis- 
turbances of the salt and water balance. Overproduction of the adrenal 
substances in diildren results in precocious sexual development, and 
this su^ests a close relationship to the sex hormones.* 

Cf. Butenandt and Dannenberg, Ber., 73, 206 (1040). 

M* Butepandt and Riegd, Ber., 63, 1168 (1036). 

M* Marker at ol., J. Am. Chem. Soe., 68, 1048 (1036). 

4* For phynology aee OroUman, ^'The Adrenals,*' Williams and Wilkins, Baltimore 
(1936), and Veoraar, **Die Funktion der Nebennimnrinde,** Schwabe, Basle (1030). 
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With the development of methods of obtaining crude potent extracts 
from the adrenals,**^ and of assaying these in adrenalectomized dogs 
or rats,®®® it was thought at first that the potency was due to one hormone 
designated as cortin.®®^ Later it became clear that the cortical activity 
was due to numerous closely related compounds. Six active crystalline 
compounds have been isolated from the adrenal extracts, but the 
potency of the crude extracts or of the amorphous residues is far greater 
than that of any of these.®®® The activity both of the pure compounds 
and of the extracts is defined in terms of cortin units. With dogs one 
cortin unit is the minimum daily dose per kilogram which, when admin- 
istered over seven days, will maintain the blood-urea level and the 
weight of the animal in essentially normal condition.®®® With rats a 
fatigue test is used, but this method of assay is much less exact than 
the dog test.®®® 

Isolation of the Adrenal Substances. In the isolation of the adrenal 
substances, the glands are extracted with alcohol or acetone, the solu- 
tion freed of epinephrine, and the fats removed by partition between 
hydrocarbon solvents and water (or water-alcohol).®®® The resulting 
mixture is finally resolved by a combination of fractional crystallization, 
of partition between solvents, of chromatographic analysis, and of the 
use of special reagents such as Girard's reagent T (p. 1470).®®® The 
separation and isolation of the individual compoimds are difficult because 
of their similarity and because of the very small amount of each present 
in the extracts.* Although Kendall and co-workers, and Wintersteiner 
and Pfiffner first developed the technique of isolating pure adrenal com- 
pounds, Reichstein has been far more successful in resolving the com- 
plicated mixt\u« present in the extracts. Through the use of Girard's 
reagents, Reichstein was able to separate the extracts into ketonic and 
non-ketonic fractions, and subsequently was able to resolve these frac- 
tions largely by means of chromatographic analysis. In addition, many 

Inter al.. Swingle and Pfiffner, Medicine, 11, 371 (1932); GroUman and Firor, 

Biol. Chem., 100 , 429 (1933) ; Pfiffner and Vare, ibid., 106 , 646 (1934) ; Cartland and 
Kuizenga, ibid., 116 , 67 (1936) ; Waterman et al., Acta Brevia Neerland. Physiol. Pharmacol. 
Microbiol., 9, 76 (1939) ; Uyldert, Endocrinology, 89, 871 (1939). 

Pfiffner, Swingle, and Varz, J. Biol. Chem., 104 , 701 (1934). 

Bjverze and de Fremery, Acta Breda Neerland. Physiol. Pharmacol. Microbiol., 8, 
162 (1932) ; Infdes, Hales, and Haslerund, Am. J . Physiol., 113 , 200 (1936) ; Ingle, ibid., 
116 , 622 (1936). 

Hartmann and Brownell, Am. J. Physiol., 97, 630 (1931) • 

Review: Kendall, Arch. Path., 38, 474 (1941). 

••• Cf, Reichstein, Krgsb. Vitamin-Hormonforsch., 1, 344 (1938). 

*For from 20,000 steers about 1000 kilograms of adrenals is obtained. 

Alter extraction and pilrification, 18-60 grams of potent material, assaying about 1-2 mil- 
lion dog is isolat ed , and on resolution ca. 300 milligrajns of each one of the more 
abundamt compounds is separated. 
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of the degradations and nearly all the partial ^theses estabMiing tiie 
structures of the adrenal compounds are due to Rdchstein. 

The principal known adrenal compounds are given in Table XIII, 
where they are identified partially by trivial names and partially by the 
alphabetic derignations given them on isolation.* In the table the 
compounds are dassified as derivatives of olZopregnane, of A^-pregnene, 
and of A^-androstene. The allopregnane and A*-pregnene groups are 
subdivided on the basis of oxygen content into C21OS, C21O4, and C21O3 
derivatives. The potent compotmds are derivatives of A^-pregnene and 
are structurally similar to progesterone, which is present also in adrenal 
extracts and which has sli^t cortical activity.*** 

The known adrenal substances are polyhydroxy, hydroxyketonic, or 
polyketonic steroids, f Hydroxyl groups may be present at Cs, C17, 
C2o> C21, and probably at Cn. In the natural compounds, hydrosyl 
groups at C3 and C17 always have a /3-configuration, but hydroxyl 
groups at other positions have variable or unknown configurations. 
By a convention introduced by Reichstein, the C20 — OH group of many 
of the cortical substances is assumed arbitrarily to have a /3-configurar 
tion.| Proof of the presence of an hydroxyl group at Cu in certain of 
the adrenal steroids is indirect, and becaxise of this no conrideration has 
been given to its steric configuration. 

The dttopregnane Group. The CztOs Derivatives. The first of the 
adrenal substances to be characterized was compound A of Winter- 
steiner’s and Reichstdn's series.*** Through the formation of a tetra- 
and of a pentaracetate, compound A was known to possess five hydroxyl 
groups, one of which was less reactive than the others. Two of these 
hydroxyl groups were shown to be attached to adjacent carbon atoms, 
for compound A also forms a monoacetone derivative. Reichstein *** 
then demonstrated that compound A was a C-glycerol derivative by 
studying the action of perio^c acid and of lead tetraacetate. With 
periodic acid, formaldehyde and a dihydroxyketone (II) were obtained, 
and in the degradation two equivalents of oxygen were consumed, as is 

* The designations lued by the principal investigators are not identical. 

t The possibility that some might be aldehydic in nature was suggested by Kendall 
prior to the realization that the adrenal substances are steroids. No al4$hydic compounds 
have been isolated from the extracts, and a number which have been prepared by Reich- 
stern, HeU. Chim. Acta (1940-41), by partial syntheris appear to be inactive. 

% This convention was proposed by Frins and Reichstein, Helv, Chim. Acta, 88, 1490 
(1940), using the configuration of Reiohstein’s compound J for reference, and has been 
devdoped further by v, Euw and Reichstein, ibid,, 84, 401 (1941). A 2009)-hydroxyl 
group as defined by Reichstein's convention is not necessarily identical with one defined 
by Marker's convention (p. 1491). 

^^Winterstdner and Ffiffner, J. Biol, Chem*, 111, 699 (1935); Reichstein, ffelv. Chim 
Acta, 19, 29 (1936) ; Mason, Mym, and Kendall, /. Biol. Chcm., 114, 618 (1936). 

Beiehstein, Bdv. Chim. Acta, 19, 402 (1986). 
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characteristic {or glycerol or G-glycerol draivatives.*" By Hie action of 
chromic acid either on compound A or on the dihydroxyketoae II, the 
triketone III was formed. Hie latter (III) on Clemmensen reduction 
was converted to a mixture of 17(a)-hydroxyandroBtane and andro> 
stane.*** Thus, the nucleus was characterized, and, throng conation 
with the other adrenal compoimds, the nuclear structure of many of the 
members of the group was established. 





In the transformation pven above, one of the hydroxyl groups of 
compound A could be proviaonally assigned to C 3 throu^ the fact that 
the dihydroxyketone II formed an insoluble digitonide. This view was 
strengthened when II was found to be weakly androgenic, and it was 
finally proved by the conversion of the dihydroxyketone to 3(j9),17(a)- 
androstanediol (VI).*** This change was effected by d^ydration (loss 
of Cii — OH) of II to an unsaturated acetate (V), and catalytic reduc- 
tion and hydrolysis of this to androstanediol. The dehydration was 
brou^t about either by heating with a solution of hydrogen cUoride in 
acetic acid or by heating the diacetate (TV) of II with potasrimn acid 
sulfate. 

Asrignment to Cn of the hydroi^l group lost in the ddhydration of 
the dihydroxyketone (II) follows from an indirect argummit.*** From 

Cf. Fisdier and Dangachat, aid.. IT, 1196 (1934) ; 18, 1209 (ISStQ. 

RaidiatMn, Sad., 19, 979 (1036). 

•»* SdMVpee, SM., SS, 740 (1940). 

Steioer and Reiclurtein. Oid., tW, 817 (1987) ; Biri<aiatauk, Srid., M, 978 (1037). 
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the evidence already presented one of the hydroxyl groups is attached 
at Cs, and the carbonyl group is located at C17. The triketone formed 
by oxidation of the dihydroxyketone is not soluble in alkali, and one of 
the carbonyl groups is unreactive toward ketone reagents. The two 
reactive carbonyl groups are situated at C3 and C17, respectively, and 
positions Ci, C2, C4, C15, and Cie are excluded for the unreactive 
carbonyl group since otherwise the triketone should have the properties 
of an a- or a jS-diketone. Attachment at Ce may be excluded through 
correlation with adrenosterone (p. 1520 ). Because of the imreactive 
nature of the unplaced carbonyl group, assignment to C7 is excluded, 
and only attachment to Cn or C12 may be considered. Position C12 is 
improbable, since attachment at this position would lead to the mani- 
festation of some of the properties of a iS-diketone. Thus, Cn remains 
as the only position that is compatible with the reactions of the trike- 
tone. Further arguments for the attachment of an oxygen fimction at 
Cii in other adrenal substances are discussed later. 

A jS-configuration of the C17 — OH group of compound A and of 
other adrenal substances is indicated by the digitonide test.®®* Com- 
pound A and the other cortical compounds with hydroxyl groups at C3 
and Ci7 form insoluble digitonides. Since the 3 (i 3 )-hydroxyisopregnanes 
(p. 1494 ), and most of the 303 ), 17 (a)-dihydroxysteroids with a substit- 
uent at Ci7 (p. 1506 ), do not form insoluble digitonides, the positive 
test with the adrenal substances must indicate that both the C3 and C17 
hydroxyl groups have jS-configurations. The evidence is admittedly 
tenuous. 

Wintersteiner’s compound D (VII) (Reichstein^s C; KendalFs C) 
and Reichstein’s compound D (VIII) (KendalFs G),®®^ the other C21O6 
derivatives, are represented provisionally by the formulas shown. The 
a-ketol structure of the side chains is indicated by the formation of form- 
aldehyde and acid residues when either compound is treated with peri- 
odic acid. The distribution of the nuclear constituents is shown by the 
production of the triketone III when each compound is oxidized with 
chromic acid. Attachment of an oxygen function at Cn is not rigidly 
established in either case, but the nature of each grouping has been 
demonstrated by examining the acids formed when the C17 side chain 
is oxidized away. 

The C21O4 Derivatives. The C21O4 group comprises four compounds 
designated as Beichstein’s K, P, and R, and as Kendall’s H (Reic^tein’s 

*** Reiclutt^ and G&tsi, ibid., 11, 118S (1938) ; Miescher and Wettatein, ibid., H, 112 
(1939) ; Rddistein and Meyatre, ibid., H, 728 (1939). 

Wiatmteiner and Pfiffner, J. Biol. Chem., Ill, 599 (1935) ; Reichatein, HeJo. Chim. 
Ada, 11, 29, 402, 979 (1936); 10, 978 (1937); KendaU d al., J. Biol. Chem., Ill (Prooeed- 
inga), Ivi (1987); Maaon, Hoehn, and KendaU, iMd., 114, 459 (1938). 
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N). The structures of Beichstein’s P (IX) and K (XI) were indicated 
by the early work in which they were oxidized by chromic add to andro- 
8tane*3,17-dione, or by perio^c acid to isoandrosterone."’ Through 


CHsOH 

C-0 



yn. WiDtersteiner*s B YIII. Belchgteln's D 

[^aopregnane-3 (j3),ll,17 (/9),21*tetrol-20-one] [^ZIopreffnBne<3 (j3)47(/3),21-trioMl,20-dione ] 

(proTlsional) (provisional) 

these oxidative degradations the presence of 3(j8)-hydroxyl groups and ot 
hydroxylated side chains was established. The structure of compound K 
was subsequently proved by partial synthesis * from A^^-aKopregnene- 


CHtOH 

h6-oh 






XtL «>eihlii)rllHMadro«aiw. IIL tl.«lilfirlta> XIT. 

X^MKal-dM 

3,21-diol (XIV) through dihydroxylation with osmic acid.*** The unsat- 
urated diol was obtained in turn from 17-ethinylisoandrostane-30S), 

*** Steiger and Reichstein, Helv, Chim. Acta, SI, 546 (1938) ; Reichetein and G&tzi, 
ibid., SI, 1185 (1938). 

^ A partial eynthems of Reichstein’a P has been carried out by v. Euw and Reichetein, 
Helv. Chim. Acta, S4, 401 (1941), from isoandrostane by a aeries of reactions analogous tc 
those used for the partial BimthesiB of Reichstein’s S (p. 1523). 

*** Serini, Logenxann, and Hildebrand, Ber., 7S, 391 (1939). 
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17(a)-cliol (XII) by reduction to 17-viny]i8oandro8tane-3(|9), 17(a)-diol 
(XIII) and rearrangement of the latter to XTV by treatment with 
acetacvtrichloroacetic add. The hydroxylation with oamic add in this 
case appears to give a 17(/3)-hydroxyl group exclusively.*®® The con- 
figuration of the hydroxyl group at C 20 is also the same as that of the 
natural compound. This has been definitely established, since catal 3 rtic 
hydrogenation of Hdchstein’s P gives a mixture of the C 20 isomers, X 
and XI.*®* In contrast the C 20 isomers of the 17(a)-hydroxy deriva- 
tives are obtained as a mixture by the action of osmic acid on 17-vinyliso- 
androstane-3(j3), 17(a)-diol and may be separated by chromatography.*®* 
On oxidizing the diacetate of Reichstein’s R, the diacetate of Ken- 
dall’s H (Reichstein’s N) is formed.*®^ The structure of the latter was 
indicated first by Kendall through correlation with corticosterone 
and dehydrocorticosterone (p. 1521),*®* but it follows more directly by 
a transformation of Winterstemer’s A (I).*®* When the triacetate (XVII) 

CHjOH CH*OH 

I I 

0—0 C— 0 




XVn. 'Wintenteiner*! A triacetate XTin. Iso^ dlacetste 

Miescher and Weitstein, Helv. Chim. Aeta, SS, 112 (1039); Keiohatein and 
Meystro. ibid,. Si, 728 (1939). 

^ EeiduBtein and v. Euw, ibid,, SI, 1197 (1938) ; Reichstein, ibid,, SI, 1490 (1938). 

. Mason, Hoeihn, MoKenaie, and Kendall, J, Biol, Chem,, ISO, 719 (1937). 

^ Shoppee and Eeichstein, Heh, Ckim, A^a, SO, 720 (1940). 
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of compound A is heated Tvith zinc dust in toluene, one molecule of 
acetic acid is eliminated and a strongly reducang compound Qso-R), 
which appears to be isomeric with Reichstein’s R, is obtained as the 
acetate (XVIII) When this iso-R acetate is oxi<hzed with chromic 
add and the product rearranged with hydrochloric add, the diacetate 
of compound H results. The rearrangement is comparable to the add 
isomerization of isoprogesterone to progesterone (p. 1493). 

The C 21 O 3 Derivativee. Three trioxygenated oZlopregnane adrenal 
substances are known. These compounds have been dedgnated by 
Rdchstein as substances L (XIX) (Wintersteiner’s G), O (XX), and J 
(XXI).*®* The formulas shown were assigned originally on the basis of 
the analyses, of conversion to androstane derivatives by oxidative 
degradation, and of the formation of a mixtiu^ of compounds 0 and J 



by catalytic reduction of L. The correctness of these formulations was 
established later by Reichstein •** through hydroxylation of 303)-acetoxy- 
A^^-pregnene with osmic acid to a mixture of substances from which, 
after appropriate treatment, compound J was isolated as the prindpal 
product. An isomeric product was obtained also, in small amount, and 
this may be the 17(a)-hydroxy derivative.* 

The A^-Pregnene Group. The known substances with cortical 
activity are derivatives of A*-pregnen-3-one. Of this group tire most 

Reichstein, ibid., 19 , 1107 (1936) ; Wintersteiner and Pfiffner, J. Biol, Chem., 119 , 
291 (1936); Steiger and Reichstein, Helv. Chim. Acta, 81 , 546 (1938); Reichstein and 
Q&tsi, tbid., 81 , 1497 (1938). 

Slitter, Meystre, and Reichstein, Helv. Chim, Acta, 88 , 618 (1939) ; Reidi, Sutter, 
and Reichstein, ibid., 83 , 170 (1940). 

* In later work v. Euw and Reichstein, Helv, Chim. Acta, 84 , 418 (1941), have oon» 
verted Reichstein^s P (IX) to Reiohstein’s L by reacting the Cio carbonyl group of com- 
pound P with methylxnagnesium bromide and oxidizing the product with periodic add. 
Reichstein's J and O have been prepared from Reichstein’s K (XI) by Prins and Rdch- 
Btein, ibid., 84 , 396 (1941), by a similar conversion. Compound K was oxidised with 
periodic acid to 17-formylandrostane-3(j9),17(j9)-diol, and the latter reacted with methyl- 
magnesium bromide. The reaction pr^uct, after acetylation, was resolved by chromat- 
ographic analysis into acetates of substances J and O. According to an earlier paper with 
Prins, Reichstein, ibid., 88, 1490 (1940), suggests that the Cso— OH group of substances J 
and K be assigned a d-configuration, and that of substance O be regarded as a. 
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important is A^-pregiien-21-ol-3,20-dione (desoxycorticosterone). All 
the members of the group show strong absorption in the ultra-violet at 
240 mu, and many give a characteristic greenidi fluorescence when 
treated with concentrated sulfuric acid.*®* As with the ollopregnane 
derivatives, some of the compounds of this group are assigned an inert 
oxygen function at Cn, but the proof of the position of this function 
is indirect. 

The CsiOs Derivatives. The group of compounds containing five 
oxygen atoms consists of Reichstein’s E (XXII) *” and M (XXIII) 
(KendaU’s F) *®« and Wintersteiner’s F (XXIV) (KendaU's E; Reich- 
stein’s Fo).*®* The position of the nuclear oxygen functions in all three 



compounds has been determined, among other methods, by the conver- 
sion of each to adrenosterone (XXVI) by chromic acid oxidation. That 
Reichstein’s E and Reichstein’s M have hydroxyl groups at Cn is 
shown by the action of periodic acid or of lead tetraacetate. Reich- 
stdn’s E, on treatment with periodic acid, is converted to an unsatu- 
rated hydroxydiketone (XXV), which, on oxidation with chromic acid, 
gives adrenosterone. Similarly, Reichstein’s M gives the same diketone 
(XXV) when it is oxidized with lead tetraacetate. The position and 

**** Wintenteiner and Pfiffner, J, Biol. Ckem., Ill, £99 (1936) ; Rmchstein, Heb. CMtn. 
Acte, 19, 1107 (1936) ; v. Euw and Reicdwtein, Ond.. SS, 1114 (1940). 

•” Rdohrtdn, Hein. Chim. Acta, 19, 29 (1936) ; 90, 463 (1937). 

** de Fremeiy, laqueur, Reichat^, SponhoS, and Uyldert, Nature, 189, 26 (1937) ; 
Reiabstdn. Beb. CkSm. Atta, 90, 963, 978 (1937) ; Moion, Hoehn, and Kendall, J. BioL 
Chetn., 194, 469 (1938). 

Wiiitentnnw and Pfiffner, /. BM. Chem., Ill, 699 (1936) ; 116, 291 (1936) ; Mason, 
Mywa and EendaU, ibid., 114, 613 (1936); 114, 267 (1036); Mason, Hoehn, and Kendall, 
mi., 114. 460 (1088); Rriehstein. Bde. Chim. Ada, 19, 1107 (1036); 90, 963 (1037). 
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nature of this Cn oxygen function are further shown by the fact that 
the monoacetate of Reichstein’s M is converted by chromic acid oxida- 
tion into the monoacetate of Wintersteiner's F. The structure of the 
Ci 7 side chain in each compoimd has been determined by studying the 
products obtained by periodic acid oxidation. Reichstein’s E is slightly 
active as a cortical hormone and also has slight activity as an androgen. 
Reichstein^s M and Wintersteiner’s F are somewhat more potent than 
Reichstein’s E as cortical substances. 

The C 21 O 4 Derivatives, Of the C 21 O 4 derivatives, corticosterone 
(XXVII) (Kendall’s dehydrocorticosterone (XXVIII), and«i 

Reichstein’s S (XXXVI) have been isolated in crystalline form. A 



fourth compound, Reichstein’s T (XXIX), has been obtained only in the 
form of its acetate.®^® On oxidation of corticosterone with chromic acid 
3, ll-diketo-A®-etiocholenic acid (XXXI) is formed. If periodic acid is 
substituted for chromic acid, 3-keto-ll-hydroxy-A^tiocholenic acid 
(XXX) is obtained, and from this, by chromic acid oxidation, the diketo 
acid is easily formed. The structure of the diketo acid has been deter- 
mined by comparing it with 3,12-diketo-A^tiocholenic acid, prepared by 

de Fremery, Laqueur, Reichsteiiii Spanhoff , and Uyldert, Nature^ 139, 26 (1937) ; 
Keichstein, tWd., 139, 331 (1937) ; Steiger and Reichetein, ibid,, 139, 926 (1937) ; Reich- 
Btein, U. S. pat,, 2,166.877; Kendall, Mason, Hoehn, and McKenzie, Proe, Staff MeeHnga 
Mayo Clinic, 13, 136, 270 (1937) ; Mason, Hoehn, McKenzie, and Kendall, /. Biol, Chem,, 
130, 719 (1937). 

Mason, Myers, and Kendall, /. Biol, Chem,, 114, 613 (1936) ; Reichstein and v. Euw, 
Helv. Chim, Acta, 31, 1197 (1938). 

®'* Reichstein and v. Euw, Helv, Chim, Acta, 31, 1197, 1490 (1938), 

®“ Reichstein and v. Euw, ibid,, 33, 1222 (1939). 
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the degradation of desoxyoholic add (p. 1363). In thia important wcnrk 
Mason and Hoehn found that the product from the bile add differed 
aiddy in its physical properties from tbat obtained from corticosterone. 
Attempts to provide a direct proof by synthedzing 3,ll-diketo-A*-etio- 
cholenic add have failed. The structure of the C 17 side chain of corti- 
costerone follows from the course of the periodic add cnddation ^ven 
above. Since formaldehyde is dmultaneously formed with the 3-keto- 
11-hydroxy-A^-etiocholenic add, the dde chain must have the structure 
shown. The structure of dehydrocorticosterone follows from the fact 
that the monoacetate of corticosterone, on treatment with chromic acid, 
is converted to the monoacetate of dehydrocorticosterone. 

Using the diketoetiocholenic acid POQQ) from corticosterone, 
Reichstein •“ has provided a proof of the position of the double bond 
"at C4 and of the carbonyl group at C3 in corticosterone and in dehydro- 
corticosterone. By ozonization of the methyl ester of this add, the un- 
saturated ring is opened and a ketodicarboxylic add is obt^ed. Clem- 
mensen reduction converts this ketodicarboxylic acid to a dicarboxylic 
add (XXXIl), which is identical with the acid obtained by similar 
treatment from S-kteto-A^-etiocholenic acid or from progesterone. 

At the time of its isolation the structure of Reichstein’s S (XXXVI) 
was apparent since it reduced alkaline silver diammine solutions in the 
cold (o-ketol group), and since it was converted to A*-androstene-3,17- 
dione by chromic add oxidation.”* This structure, together with the 
steric configuration of the C 17 — OH group, has been established by two 
partial syntheses due to Reichstein. If allyltestosterone is dehydrated, 
and the product hydroxylated by treatment with osmic acid, a,j3,Y-tri- 
hydroxypropyltestosterone is formed.”* By temporarily protecting the 
C 21 and the €23 hydroxyl groups by reaction with acetone, the C20 
hydroxyl group may be acetylated, and after removal of acetone XXXII 
is obtained.*** Periodic add oxidation of the latter converts it to the 
aldehyde acetate XXXIII. On mild hydrolysis with potasdxim bicar- 
bonate A^-pregnene-17,20-diol-3-on-21-al (XXXIII) is formed, and 
this is readily rearranged by boiling with pyridine ®“ to Reichstdn’s S.*** 
The /^-configuration of the C 17 hydroxyl group was shown by periodic 
add oxidation of compound S to 3-keto-1705)-hydroxy-A*’-etiocholenic 
add. The latter was characterized through its methyl ester (XXXVII),*** 

*** MaaoB and Hodin, J, Am. Chem, Soe., SO, 2660 (1038). 

*** Bdotuitein and Fucha, Uth. Chim. Acta, tZ, 676 (1040). 

6U Butanandt and Peters, Ser., 71, 2688 (1038). 

V. and Rei<distein, Seh. Chim. Aeta, SS, 1114 (1040). 

*>* Method; Fischer et aL, Ber., 60, 470 (1027). 

*** Beidistein and v. Euw, Hel». Chim. Aeta, SS, 1268 (1040). 

•*>HdelHtdn. Meystre and v. Euw, ibid., SS, 1107 (1030). 
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whioh was prepared for comparison from methyl 308),17(j3)-dihydroxy-. 
A^-etiocholenate (XXXVIII) by the Oppenauer reaction.*®^ 




The C 21 O 3 DerivaMves, Desoxycorticosterone (XLIV) and 17(j8)- 
hydrox 3 rprogesterone are trioxygenated A^-pregnene derivatives. Reich- 
Btein®*^ prepared the former by partial synthesis from 3-acetoxy-A*- 



cholenic acid (XXXIX), as shown in the transformation XXXIX- 
XLIV, about a year prior to its isolation from adrenal extracts.*^ 

Reiohstein and Meystre, ibid., SS, 728 (1939). 

*** Steiser and Reichstein, Nature, 189 , 925 (1937) ; Helv. Chim. Aeta, 90 « 1164 (1937); 
Reiohstein and v. Euw, ibid., S8» 136 (1940)« 

Reichstein and v. £uw, Heh. Chim. Acta, 11 , 1197 (1938). 
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Desoxycorticosterone may be obtained in poor yield by the action of 
lead tetraacetate on progesterone,*^* and of Caro’s acid on certain of the 
pseudosapogenins 1494). The tosyl derivatives of desoxycorticoster- 
one and of related ketols are unusually reactive. For example, the 
to^l group can be replaced with iodine by heating the tosyl deriva- 
tives with sodium iodide in acetone. The iodine may then be replaced 
with hydrogen, and in this way the C 21 hydroxyl group has been reduc- 
tively replaced in a number of instances.*®* Isodesoxycorticosterone 
and its acetate have been prepared by a procedure timilar to that used 
for the preparation of iso-R acetate.*®* Both isodesoxycorticosterone 
and its acetate are physiologically inactive. 

An inactive compoimd, 17(/3)-hydroxyprogesterone,’'' has been iso- 
lated from the adrenals *®® and prepared by partial synthesis *®* as shown 
In formulas XLV-XLVII. The intermediate XLV was obtained by 
rearranging 17-vinyltestosterone by the process 

OH 

— C— CH==CH 2 ^ >C==CH— CH*— Br >C=CH— CHjOAc 

and dihydroxylating the end product with osmium tetroxide. As 
brought out in the partial sjmthesis of Reichstein’s K (p. 1517), the 
hydroxylation of the semicyclic double bond leads almost exclusively to 
a j3-configuration of the C 17 — OH group. The 17 (a)-hydroxy isomer of 
XLV has been oxidized with periodic acid, and the product treated with 
diazomethane. In contrast, an oxido derivative rather than a ketone 
was obtained. 17((8)-Hydroxyprogesterone has no cortical or progesta- 
tional activity, but does have androgenic potency about equal to that 
of androsterone. 

The A^-Androstene Group. Adrenosterone (XXVI) is the only 
member of the A^-androstene group that has been isolated from the 
cortical extracts.*®* Its structure as A^-androstene-3,ll,17-trione fol- 

Erhart. Ruschig and AumfiUer, Ber., 7S, 2035 (1039) ; Reichatein and Montigel, 
Helo, Chim. Acta, 22, 1212 (1939). 

Reichatein and Schin^er, Helv, Chim, Acta, 23, 669 (1940) ; Reichatein and Fucha, 
t&id., 23, 684 (1940). ‘ 

Shoppee, ibid,, 23, 925 (1940). 

*A compound deacribed as 17(a)-hydroiyprogeBterone was obtained by Rusicka and 
M^dahl, Hdv, Chim. Acta, 21, 1760 (1938) ; 22, 421 (1939) by rearranging the hydration 
product of the acetylene addition compound from dehydroandroaterone. Thia waa aub- 
aequently recognised Rusicka, reference 635, as a D-homoateroid (p. 1526). The 
so-called 17(a)-hydrozyprogesterone has been reported to have cortical activity. 

^ Pfiffner and North, J. Biol. Chem,, 132, 459 (1940) ; v. £uw and Reichatein, Helv. 
Chim. Acta, 24, 879 (1941). 

^ Prins and Reichst^n, Helv. Chim. Acta, 24, 945 (1941). 

^ Reichstein, HduL Chim. Ada, 19, 29 (1936). 
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lows from its converdon to the triketone III on catalytic hydrogenation 
with palladium as a catalyst.*^** A^-Androsten>ll-ol-3,17*dioiic 
the product of periodic add oxidation of Rdchstdn’s E, may be classed 
also as a member of this group althou^ it has not been noted in nature. 
Controlled catalytic hydrogenation of either of these compounds has 
given a variety of 3,11,17-trioxygenated androstane derivatives.”* 
None of this group has cortical activity, but all are weakly androgenic 
in the comb test; adrenosterone, for example, has about one-fifth the 
androgenic potency of androsterone. 



Structure and Physiological Activity. The relation of structure and 
physiological activity of the steroid adrenal hormones has been sum- 
marized by Kendall.**® The three known physiological processes 
affected by the hormones are: (1) the permeability and transfer of 
electrolytes and water; (2) the activity of tissues with specialized func- 
tions, e.g., liver, kidney, etc.; and (3) the activation of enzymes. The 
amorphous residue and those compounds without an oxygen function 
at Cii, such as desoxycorticosterone, seem to be particularly effective 
in regulatmg electrolyte and water balance and in controlling the 
activity of the tissues. In contrast, the adrenal substances oxygenated 
at Cii are necessary for the activation of enzymes, especially those 
involved in carbohydrate metabolism. The effects are so manifold and 
so little understood, however, that definite correlations cannot be made. 
Because of this, the values for physiolofpcal activity given in Table XIII 
are more in the nature of physiological constants than of true repre- 
sentations of physiological potency. 


**• R«iohatdn, Und., 19, 1107 (1936) ; Steiger and Reichatein, ibid., iO, 817 (1087). 
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tHB HOMOSTRROIDS 

In 1638, Miescher and K&gi appUed Darzens’ egmtheds *** to 
dehydroandrosterone acetate (I) 'with the expectation of obtaining 
A^^-pregnenolone acetate (III), and from this progesterone. This was 
reahzed, but th«re was obtained also a product isomeric with A‘-preg> 
nenolone acetate which was designated as neopregnenolone acetate (lY), 
and which gave neoprogesterone, an isomer of progesterone.* In the 
formation of neopregnenolone acetate, enlargement of ring D from a five* 
-to a six-membered ring occurs. This was shown by Ruzicka more 
clearly by a study of the reactions of the 17(a)-hydroxy-17-ethinyl 
derivative (V) of dehydroandrosterone acetate. With Nieuwland’s 
method*** of hydrating with boron trifluoride and mercuric oxide in 
acetic acid, ring enlargement occurred, and the product VII was con- 
verted to neopregnenolone by treatm^t with phosphorous tribromide 
(Ci 7 o — OH Ci 7 a — ^Br) followed by debromination with zinc and 
acetic acid. That ring D is six-membered in neopregnenolone has been 
established by Ruzicka and Meldahl *** through conversion to the cor- 
responding saturated diol and dehydrogenation of this product 'with 
selenium to 1 -methylchrysene, characterization of the hydrocarbon 
being made with a synthetic product.*** As evidence that ring enlarge- 
ment occurs during hydration, both the hydration product and neo- 
pregnenolone have been converted to the same saturated hydrocarbon, 
17a-methyl-I>-homoandrostene (<^. formula XI). **^ The mechanism of 
the reaction is not entirely clear, but Stavely *** has shown that in the 
presence of aniline and with mercuric chloride as a catalyst an inter- 
mediate in tile reaction is the 17-hydroxy-20-one derivative (VI), which 
is rearranged by alkali to a six-membered ring. According to Reich- 
stein *** and Stavely, the rearrangement takes place whether the C 17 
hydroxyl group has an oe- or a ^-configuration. 

*» Mieachw and ESci. J- Soe. Chem. Ind., B7, 276 (1038) ; HOt. CMm. Acta, If, 184 
(1930). 

*** Darxens, Compt. rend*, SOS, 1374 (1936) ; Darzens and Levy, ibid., 804, 272 (1037). 
In this ss^thesis a ketone is caused to react with an a,a-dihalogenated aliphatic ester in 
the presence of magnesium amalgam. 

'^At first neoprogesterone was reported to be biologically equal to progesterone, but 
lafier it was found by Wettstein, reference 627, footnote 6, to be inaclive even in doses of 
30 mg. 

*** Rtudcka and Meldahl, Helv. Chim. A(da, SS, 421 (1930) ; ef. Ruzicka, O&tsi, and 
Bdehstein, ibid., 88, 626 (1939) ; Ruzicka and Hunziger, ibid., 88, 707 (1939) ; Stavely, 
J. Am. Chem. 8oc., 61, 79 (1939) ; ibid., 68, 489 (1940) ; ibid., 68, 3127 (1941). 

*** Hennion, K^an, Vaughn, and Nieuwland, /. Am. Chem. Soe., 66, 1130 (1936). 

Ruzicka and M^dahl, Helv. Chim. Acta, S3, 364 (1940). 

Emdtto and Markus, ibid., 88, 385 (1940). 

Wf Ruaieka and MddaH, ibid., 88, 513 (1940). 
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To obtain products -without a methyl group at position 17a the 
Hffeneau reaction has been applied to dehydroandrosterone acetate 
and to estrone.*** In these transformations a cyanohydrin is formed on 
the Ci 7 carbonyl group, the product reduced to the corresponding 
amine, and the amine deaminated and rearranged by treatment with 


HCN 



acetate acetate acetate 

nitirous add. The change is illustrated by the conversdon of dehydro> 
androsterone acetate (1) to the cyanohydrin (VIII), reduction of the 
latter, to the amine (IX), and finally deamination and reairangement 
to I>>homodehydroandrosterone acetate (X). By standard methods the 

*** TiffowBU, -Weill, sad Teboubar, Compt. rend., SOB, 64 (1SS7). 

*** Goldberg and Monnier, Heie. Chba. Acta, IS, 870, 840 (1040) ; Otddberg and Stoder, 
Aid., ti, 478 (1041). 
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D-homosteroids have been obtained from the vmious inteimediates. 
Ring enlargement in the androstane analogs does not materially modify 
the physiological potency, but in the estrogenic and progestational types 
the activity is either decreased markedly or destroyed completely. 
Synthetic D-homoequilenins prepared by Bachmann,"* however, have 
about the same potency as the corresponding equilenins. 

Ruzicka *** has suggested that this alteration of the size of ring D 
in the steroid nucleus is a type of change that can occur in any of the 
rings. To describe the potential new members of the group, he has 
proposed the prefix “homo” with a suitable letter to indicate in which 
ring alteration in size has occurred. Thus, the compounds in which 
ring D is six-membered will be known as D-homosteroids, while those. 




as yet unrealized, in which expansion of ring A, for example, has occurred, 
will be desmbed as A-homosteroids. Where a new carbon atom is 
introduced, it will be dengnated by a number and the letter “a,” for 
example, 17a and 4a, as shown in D-homoandrostane (X), and A-homo- 
androstane (XI). Where contraction of ring raze takes place, Ruzicka 
proposes to drop the number of the carbon atom eliminated, and Ulus- 
strates tiiis practice by the hypotlietical A-nor-D-homoandrostane 
(XII). 

BIOGENESIS OF THE STEROIDS 

Several possible mechanisms for the biochemical formation of the 
steroids have been suggested, but none has been established. In the 
earlier i^culations, squalene, isoprene, and carbohydrates were con- 
sidered precursors of the sterols. In later hypotheses, the existence of 
a mechanism for the formation-of the sterols was assumed,_and schemes 
were devised to show how these were degraded in vivo to the bile acids 
or to the sex hormones. Among these are the speculatioits of Ruzicka 
and of Butraiandt,*^ in which A'^-pregnenolone and dehydroandroster- 
one are resided as biochemical degradation products of the sterols. 
'Vnth titese two compounds as intermediates, oxidation and reduction 
or demethylation can conceivably lead to the sex hormones and to 

Bdt. Ckim. Ada. U, E89 (1936). 

Butemoidt, NaturwitMmchaiftM 14, 629 (1986). 
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related compounds. A more flexible theory has been advocated by 
Reichstdn,*^ who has suggested that the three-carbon carbohydrates, 
such as dihydroxyacetone or glyceric aldehyde, may condense as indi- 
cated in I. A later suggestion, advanced by Marker*" to e]q>lain the 
formation only of ihe steroid hormones, visualizes A*’®^*^-pregnadiene- 
17,21-diol-3,ll,20-trione (II) as the common precursor of the estro^ns, 
the pregnanes, and the androgens; this suggestion may be regarded as 
a special case of Reichstein’s theory. 



1. Schematic biochemical formation of 
^toroids from 8-carbon augaraCReichatein) 


CHaOH 

I 

C«0 



dlol-8,U,20-tnone 


Although the outcome of biochemical study of the origin and inter- 
conversion of the steroids has been disappointing,®^ some positive re- 
sults have been obtained from the study of the action of the micro- 
organisms on the sex hormones.®®® Yeast, under anaerobic conditions, 
reduces carbonyl groups at C 3 and C 17 in the androstane group but 
does not attack a C3 carbonyl group in conjugation with a C4 ethylenic 
linkage or the double bond itself. For example, A^-androstene-3,20-dione 
(III) is reduced by yeast to testosterone (IV).®®® On the other hand, if 
the C3 carbonyl group is conjugated with a double bond at Ci : C2, 
both the carbonyl group and the double bond are reduced.®®*^ In all 
cases, an a-configuration of the hydroxyl groups is formed; this appears 
to be true also in the biochemical reduction of estrone®®® and of pro- 
gesterone ®®® with yeast. Under aerobic conditions, the Corynebad,erium 
from certain yeasts brings about the reverse of this change, and testo- 
sterone, for example, is dehydrogenated to A^-androstene-3,20-dione.®®® 
BaciUus jmtrificus (?), isolated from putrefying steers' testes, is another 

Reichstein, Helv. Chim, Acta, 20 , 978 (1937). 

•« Marker. J. Am. Chem. Soc., 00. 1725 (1938). 

^ Inter al., Anchel and Schoenheimer. J. Biol. Chem., 125 . 23 (1938); Tukamoto, 
Z. physiol Chem., 200 . 210 (1939) ; Direcherl and Trant. ibid., 202 . 61 (1939). 

•** Review: Fischer. Angew, Chem,, 63, 461 (1940). 

Mamoli and Vercdlone, Ber., 70, 470 (1937). 

Butenandt. Dannenberg, and Suranyi, Ber., 78 , 818 (1940). 

Mamoli. Ber., 71 , 2696 (1938) ; Wettstein, Helv. Chim. Acta, 22 . 250 (1939). 

Mamoli, Koch, and Teschen, Z. physiol Chem., 201 , 287 (1939). 

Mamoli, Koch, and Teschen, Naturwisaenschoften, 27 , 319 (1939); cf. Mamoli 
Ber., 72 , 1863 (1939). 
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microdrgaoism that haa been studied. In sterile yeast water, B. pvr 
trifieua reduces both A*-unsaturation and a C 17 carlwnyl group without 
affecting a Cs carbonyl group; but in a sterile yeast suspension the 
organism acts also on the C 3 carbonyl group.*" This is shown in the 
eonveimon of A*-androstene^,20*dione (III) throu^ the stage of 3,20* 
etiocholanedione (V) to etiocholan-17(a)-ol-3*one (VI), and of testo- 
sterone (IV) to etiocholan-17(a)-ol-3-one (VI) by B. puirificus in sterile 
yeast water; and in the production of 3(a),17(a)-etiocholanediol (VII) 
by the same organism in sterile yeast suspenson."^ Although these bio- 



chemical reductions lead to a cis configuration at C5, under some con- 
ditions *** equal quantities of the corresponding alio structures me pro- 
duced. 

OBITBRAL REFERENCES 

During the last decade many monographs and reviews dealing with 
the chemistry of the steroids have appeared. In addition, more than 
250 U. S. patents have been granted on the preparation and uses of 
stermds and thdr derivatives. Most of the patents are assigned by the 
Patent Office to Class 260-397. The preparation and uses of compounds 
with vitamin D, and with hormonal activity, have been patented more 
than any oth^ phase of the field. 

Various reviews of the field have appeared in Abderhalden’s “Bio- 
dhemisches Handlexikon” and “Handbuch der biolo^chen Arbeits- 
methoden,” and in Oppenheimer’s “Handbuch der Biochemie.” Many 
of these teeatments have been written from Ihe older point of view and 

tad MuboU, Ber., Tl, 156 (1838) : EmA, B«r.. n, 660 (1938) ; Sobnmm aad 
ManM^ Btir^ U, 1322, 2083 (1938). 

tn aOutmm Mid MhiioU. Ber., 71, 2608 (1938) ; Erooli, Ber., 71, 190 (1939). 
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are of value largdy for experimental details and pli3ndcal constants. 
The more important modem monographs and reviews are listed below: 

Monographs 

Srainzu, “tJber die Chemie und Phyeiologie der Galkfnsauren,” Muramoto, Oka- 
yama (1935), 388 pages. 

Lmraf and iNHorFJSN, “t)ber Sterine, Gallenskuren und vervandte Natuistoffe,” 
Enke, Stuttgart (1936), 320 pages. 

Fieseb, “The Chemistry of Natural Products Belated to Phenanthrene” (A. C. S. 
monograph 70), Beinhold Publishing Corp., New York (1937), 2nd ed., 456 
pages. 

Fbiedhann, “Sterols and Belated Compounds,” Chemical Publishing Co., New 
York (1937), 100 pages. 

SoBOTKA, “The Chemistry of the Sterids,” WUliams and Wilkins, Baltimore (1938), 
634 pages. 

Reviews 

Structure: Winoatts, Z. physiol. Chm., 213, 147 (1932); HEUiBBON, Siupbon, and 
Spbinq, J. Chem. Soe., 626 (1933). 

Sterols: Bills, Physiol, Reviem, 16, 1 (1935); Heilbbon and Spbino, Fortschritle 
der Chemie organ. Nalurstoffe, Springer, Vienna (1938), 1, 53; Heilbbon and 
Jones, Ann. Rev. Biochem., 9, 135 (1940). 

Bile Adds: Sobotka, Chem. Rev., 16, 311 (1934). 

Cardiac Aglucons and Toad Poisons: Eldebpield, Chem. Rev., 17, 187 (1935); 
Tschebcbe, Ergd>. Physiol, 38, 31 (1936); Stoll, 'The Cardiac Glycosides,” 
The Pharmaceutical Press, London (1937); Schoppee, Ann. Rev. Biodum., 11, 
123 (1942). 

Digitalis Saponins: Tschebcbe, Ergd>. Physiol., 38, 66 (1936); Schoppee, Ann. Rev. 
Biodiem., 11, 103 (1942). 

Estrogenic Hormones: StObmeb and Westphal, Ergdi. Physiol., 86, 815 (1938); 
Mabbian, Ergd>. Vitamin-Hormonforsch., 1, 419 (19%); Doibt, Chapter 
XIII, in Allen, “Sex and Internal Secretions,” Williams and Wilkins Co., 2nd 
ed., Baltimore (1939). 

Corpus Lutenm Hormone: Westphal, Ergd). Physiol., 87, 273 (1935); Allen, 
Chapter XV, in Allen, “Sex and Internal Secretions,” Williams and Wilkins 
Co., 2nd ed., Baltimore (1939); Westphal, Naluraissenschaften, 28, 445 (1940). 

Androgenic Hormones: Goldbebg, Ergdi. ViUmin-Hormonforseh., 1, 371 (1938); 
Eoch, Chapter XII, in Allen, “Sex and Internal Secretions,” Williams and WB- 
khw Co., 2nd ed., Baltimore (1939). 

Adrenal Hormones: Reichbtein, Ergeh. Vitamirv-Hormonforsdi., 1, 334 (1938); 
Miescheb, Angeu), Chem,, 61, 551 (1938). 
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INTRODUCTION 

The research field concerned with the development of the funda- 
mental organic chemistry of the carbohydrates has been a very active 
one and is still the object of a large amount of research. The great 
or^nic chemist Emil Fischer made his first mark here, and many others 
have been attracted by this fascinating group of substances. The car- 
bohydrates may be classified from the standpoint of their hydrolytic 
products into monosaccharides, oligosaccharides, and polysaccharides; 
the last two groups produce monosaccharides on hydrolysis; the molecu- 
lar complexity of the oligosaccharides has been ascertained, but that of 
the pol3rsaccharides is still not known with absolute certainty. The 
monosaccharides are polyhydroxy aldehydes and ketones that reduce 
mild alkaline oxidizing agents, such as Febling’s solution. They may be 
further classified according to the length of their carbon chain and accord- 
ing to the nature of their carbonyl function; thus there are aldopentoses, 
aldohexoses, ketohexoses, etc. The monosaccharides are colorless crys- 
talline solids and possess a sweet taste. 

The central compound of the carbohydrates is d-glucose, and any 
development of the subject of carbohydrate chemistry from a research 
problem standpoint must revolve about this substance. d-GlUcose is a 
monosaccharide classified as an aldohexose. It is the most readily 
available of the monosaccharides and the most important one from the 
standpoint of animal metabolism. Since all the monosaccharides are 
polyhydroxy ketones or aldehydes, it follows that knowledge gained by 
an investigation of the d-glucose molecule can generally be extended to 
its many relatives. This' extension is not always easily accomplished, 
and of course significant and interesting differences in reactivity are 
exhibited by the various other monosaccharides. 

The development of our present conception of the structure of dr 
glucose represents a fascinating chapter in the evolution of a chemical 
formula. As new experimental e'vidence 'was obtained, previous ideas 
had to be revised in t^ sense that the old views were not wrong but were 
incomplete. Thus the formula of d-glucose stands today as a representa- 
tion of one of the most thoroughly investigated substances in the entire 
field of organic chemistry. 

The original sweetening agent native to Europe was the sugar mix- 
ture known as honey. Alexander the Great is credited with introducing 
cane sugar into Europe from the Orient, and purified cane sugar or 
sucrose was undoubte^y the first crystalline sugar known. Ironically, 
of all the sugars, the formula of this substance has proved to be the most 
difficult to unravel. Since the sugar cane could be grown only in the 
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tropics, a search was made in Europe for a native plant substitute ame- 
nable to field cultivation, and this culminated successfully in the beet- 
sugar industry, established by Achard ^ (1798). In the course of this 
search, Marggraf * (1747) had crystallized a substance which he recog- 
nized as being different from cane sugar and which he termed “eine Art 
Zucker.” This was the substance which is now called glucose. Sucrose 
crystallizes very readily. Glucose, on the contrary, is a difficult sub- 
stance to crystallize, and it is only within the past few years that crys- 
talline glucose has been produced commercially at a low cost. 

The writings of Marggraf do not constitute the first record of crystal- 
line ^ucose. This had been prepared previously from a variety of 
sources, but especially from grapes, and was known to the ancient Per- 
sians and Arabians. Reference to this grape sugar can be found in the 
old Moorish records * (1150) and in the writings of the alchemists and 
early pharmacists. 

Elementary analysis of glucose produced the empirical formula 
CH 3 O. This formula represents the origin of the French term hydrate de 
carhone, which was modified in the German to KohlenJiydrai and the 
latter translated into English as carbohydrate. A molecular-weight de- 
termination showed that the true formula was C 6 Hi 20 «. This result 
was not obtained until 1888 (Tollens and Mayer),^ as no method was 
available for determining its molecular weight until the appearance of 
the work of Raoult * (1880) and the Beckmann apparatus * (1888). 

That glucose contained five acetylatable hydroxyl groups was proved 
definitely by Franchimont ’’ (1879 and 1892), who obtained its first crys- 
talline pentaacetate. -This, together with its reducing properties, gave 
the formiila C 6 H 7 (OH) 5 — CO. It is necessary to emphasize here that 
real progress in the chemistry of the sugars can result only on the basis of 
pure crystalline derivatives. The failure to recognize this premise ade- 
quately has led to many grievous errors and much confusion. 

'K’iliaTii > then improved the procedrue of Schiitzenberger * (1881) for 
fanning the cyanohydrin of glucose, hydrolyzed this to the add, reduced 

^Aeliard^ europ&isohe Zuckerfabrikation aus RunkelrUben/' Hinrichs, Leipsig 
(1809); ef,^ von Lippmannr **Gaeohichte des Zuokers,’* 2nd 6d.» Springer, Berlin (1929), 
pp. 698, 700, 701. - 

* Marggraf, Ber. Berliner Akad,, V, 79 (1749) ; ef., von Lippmann, **QeBohiohte des 
Zuokers,** 2nd ed., Springer, Berlin (1929), p. 683. 

* Jbn Al«Awam, II, 398, 400; cf., von lippmann, *'Qe8chiehte dee Zuoken,** 2nd ed., 
Springer, Berlin (1929), p. 682. 

* Tollens and Mayer, Ber,, Si, 1666 (1888). 

* Baoolt, Ann, Mm, sAye,, [6] SO, 217 (1^0). 

* Bacdonann, Z, phyeik, €hem,, S, 638 (1888). 

^ Ber,, IS, 1940 (1879) ; Bee, trav. Mm., 11, 106 (1892), 

^ KHIani, Ber„ IS, 767 (1886). 

* SdiOieenbeiger, BuU. eoe. Mm., Vl] 86. 144 (1881). 
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the latter '(nth hydriodic add, and obtained n-heptdc add (1886). This 
proved that an aldehyde group was present and that the dz carbon atoms 
of ^uoose were arrcmged in a straight or normal chain, thus indicating the 
formula CH 2 OH — (CHOH) 4 — CHO. Eoliani ^ (1886) also applied the 
above procedure to fructose, which was an isomer of iducose isolated by 
Dubrunfaut (1856) from invert sugar throujd^ its property of forming 
an insoluble compound with lime. Kaliani arrived at the formula 
CH20H — (CH0H)8 — CO — CH 2 OH for this substance and thus demon- 
strated the existence of a polyhydroxy ketone or ketose. 

CONFIGURATIONAL ISOMERISM OF THE MONOSACCHARIDES 

It is to be noted that the Kiliani formula for glucose contained four 
asymmetric carbon atoms and according to the van’t Hoff “-Le Bel “ 
(1874) theory, which was at that time quite new, there were 2* or sixteen 
possible isomers for this compound. Examples of such isomers had begun 
to appear, as for instance, the isolation of galactose in 1856 by Louis 
Pasteur.*^ The simple sugars that were isolated from natural sources and 
found to be different from glucose were considered to be isomeric with it 
and asdgned the same formula. One of these supposed isomers was 
arabinose, and on closer investigation of this substance Kiliani ” (1886) 
was surprised to find that it contained only five carbon atoms. Thus 
was established the first member of the group of sugars known as the 
aldopentoses. The problem of determining the spatial configuration of 
all these isomers appeared quite hopeless. To add to the difficulty, the 
substances and their derivatives were difficult to crystallize, and they 
were also very sensitive to heat and to strong reagents. The time was 
thus ripe for a genius to arise who would possess the ability and industry 
to bring order out of chaos, and this genius was Emil Fischer. 

Emil Fischer was at the time concerned with the apparently unrelated 
problem of preparing substitution products of hydrazine, among which 
was phenylhydrarine. He noted that the latter compound served quite 
well for preparing derivatives of aldehydes and ketones and he tried its 
action with the sugars (1884). Certainly he must have been astonished 
to find that crystalline substances were formed with surprisng ease. 
However, these did not analyze correctly for phmiylhydrazones, two 

tOKiliMii, B«r., 19, 221 (1886). 

u Dubrunfaut, Compt. rend,, 48, 001 (1866). 

** vaa't Hoff, “Sur 1 m formtdee de etnioture dana I'espaoe,” Areft. nterUmd. aef. (1874). 

» U B«l, RuU. «oe. (Atm., t2] 88, 337 (1874). 

** Pasteur, Compt. rend., 48, 347 (1866). 

u Efliaoi, Ber., 19, 3029 (1886) ; 80, 339 (1887). 

**Fiaeher, Ber., 17, 670 (1884). 
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phenylhydrazine readues having entered the molecule. On fxuiher inves- 
tigation (1887) he found that oxidation on the carbon atom adjacent 
to tike aldehyde group had taken place with the formation of aniline, 
ammonia, and the substance he termed the phenylosazone. He was 
able to find the true phenylhydrazone as the expected intermediate, this 
substance being in most oases too soluble for ready separation. He 
noted ” (1884) that the phenylosazone obtained from ^ucose was iden- 
tical with that obtained from fructose, and a start was made on the 
problem of solving the spatial configuration of the sugars. 


HC=0 

(CH0H)4 

CHjOH 

Glucose 


NHsNHCeHs 
■■ — ) 


H0=NNHC6H5 

I 

(CH0H)4 + HjO ■ 
CH*OH 

Glucose phenylhydrsBone 


NHgNHCgHs 
> 


HC=NNHC*H* 

I 

c=o 

I 

(CHOH), + NH, + C»H5NH, 

I 

CHjOH 


NH,NaCsHt 


HC==NNHC*H4 

I 

0=‘NNHC.Hs 

I 

(CHOH), + H,0 
CH,OH 

Glucose phenylosasone 


CH,OH 

I 

0-0 

I 

(CHOH), 

CHsOH 

Fructose 


SNHgNHCgHg 

■> 


HO-NNHCeH, 

C=NNHC6H6 

I 

(CHOH), + 2H,0 + NH, + C,HJSrH, 

I 

CHsOH 

Glucose phenylosasone 


Sugars producing the same osazone thus had identical structures on 
all but the first two carbon atoms. The aldohexose d-maimose also 
yielded d-glucose phenylosazone and accordingly differed from glucose 
only in the configuration of the carbon atom adjacent to the aldehyde 
group. Aldoses bearing such a relationship are now termed epimers 
(p. 247), a name suggested by Votodek “ (1911). 

The three fundamental procedures used by Fischer (1884-1894) in 
his great feat of elucidating the configuration of the sugars were osazone 

IliclMr, Ber., M, 821 (1887). 

>*FiMiwr, Ber., 17, 579 (1884). 

>* VotoSek, Ber., 44, 362 (1911). 
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formation, oxidation to meao acids or reduction to mcso alcohols, and 
the methods for building up or degrading the members of the sugar series. 
The formation of the meso or optically inactive and unresolvable com- 
pounds indicated the symmetrical or internally compensated structures 
(p. 232). The reactions involved in the Fischer procedures will be 
discussed in some detail before their application to the solution of con- 
figurational problems is illustrated. These procedures constitute funda- 
mental reactions of the aldoses and have been used for the synthesis of 
the various members of the aldose series. 

These aldose synthetic methods employ a naturally occurring sugar 
as the starting point and transform this into other aldoses by various 
procedures. Fischer did attain a complete glucose synthesis by develop- 
ing the experiments of Butlerow ^ (1861), who had noted that formalde- 
hyde and alkali produce sugars. This interesting reaction was further 
investigated by Fischer. He obtained a low yield of racemic glucose 
phenylosazone from the mixture (1889) and then skillfully completed 
the difficult steps from racemic glucose phenylosazone to d-glucose “ 
(1890). Since formaldehyde can be S 3 mthesized from its elements, a 
complete glucose S 3 mthesis was thus accomplished. 

The aldose oxidation techmques were initiated mainly by Kiliani. 
On hypobromite oxidation, the aldoses produce the corresponding aldonic 
acids, a reaction that was greatly simplified by Isbell “ (1931), who pro- 
duced the hypobromite ion by continuous electrolysis in a sugar solution 
containing a small amount of bromide ion, hydrobromic acid being the 
reduction product and this in turn being electrolyzed to form again 
hypobromite ion. Nitric acid oxidizes an aldose to a dibasic hydroxy 
acid, the aldehyde group and the terminal primary alcohol being the 
points of attack. 

CO2H 


CHO 

I 

(CH0H)4 

CH 20 H 

d^laooM 



(CH0H)4 

CH 20 H 

(^Oluoooio Mid 

CO 2 H 

(CH0H)4 


C 02 H 


«l»01ueo— oeharie ludd 


^ Butlerow, Ann., 110 , 206 (1861). 

Fiseher and Passmore, B«r., 18 , 369 (1889). 

Fischer, Rcr., IS, 370, 790 (1890). 

** Isbdl and Frash, Bur, Standards J, Research, 6, 1146 (1931). 
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The aldoses may also be reduced to the oorrespouding sugar aleohds 
by various redudng agents, such as sodium amalgam. The reaction 
proceeds very (tiowly with chemical redudng agents, and at present the 
most promising procedures are those involving electrolytic methods or 
high-pressure catalysis ^ (Ipatieff, 1912). The electrolytic reduction of 
glucose is a commerdal process in this country.^ 


CHO 

(CH0H)4 

CH,OH 

<2-Gluoose 


CHaOH 

[HI i 

(CHOH)* 

CHsOH 

(deztro)-Sorbitol 


The cyanohydrin procedure for adding a carbon atom to an aldose 
had been developed by Elliani, as previously noted. He had always 
isolated oidy one product from the reaction. For example, the cyano- 
hydrin reaction when applied by him to arabinose ^ (1886 and 1887) 
produced the lactone of a new hexonic acid, later found to be 2-mannonic. 
On repetition of this work Fischer” (1890) found the two products 
required by theory, one of which was the enantiomorph of d-gluconic 
add. The two products can be predicted because a new asymmetric 
carbon atom is formed. They will be formed in unequal amounts as a 
new asymmetric center has been added to a molecule already asym- 
metric (p. 230). 

The aldonic adds undergo lactonization witn ease, and this is the 
form in whidi they are generally obtained although a niunber of the 


CHO 

I 

(CHOH), 

CHsOH 

{-AraUnoee 


HCOH 


I 

(CHOH), 



I 

(CHOH), 

CHtOH 


HOH 


HOH 


CO 2 H 

I 

HCOH 

I 

(CHOH), 

CH*OH 

^>Maimoiuo acid 

CO,H 

I - 

HOCH 

I 

(CHOH), 

CHrfJH 

Mluconio aoid 


BiM. toe. ehtm., [4] 14, 662 (1913) ; B«r., 46, 3218 (1912). 
6* SVoiM. Elecbrodmn. 8oc., 76, 289 (1939). 

KBtalt Ber., 19, 8029 (1886) ; 10, 889 (1887). 

^Fbote, Bar., IS, 2611 (1890). 
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free acids have been prepared by crystallization from solvents in which 
lactone formation is hindered (Rehorst,^ 1928; Isbell and Frush,^ 
1933). Kiliani (1887) made the remarkable observation that the double 
lactone of mannosacchaiic acid could be reduced to the sugar alcohol 
mannitol with sodium amalgam. Fischer (1889) found that this reac- 
tion was general for the sugar lactones and made an important extension 
by finding that, when the procedure was carried out under slightly acidic 
conditions, the reduction stopped at the aldose stage. In this way 
Fischer obtained the epimeric higher carbon sugars of (i-glucose, calling 
the one that crystallized a-glucoheptose and the one that did not /8- 
glucoheptose. By repeating the process by which glucose was changed 
to a heptose, Fischer*^ (1892) was able to make a glucononose, and 
Philippe ** (1912) carried this to the decose stage. 

The naming of the higher sugars according to their order of isolation 
has led to a confused state of nomenclature. For those whose complete 
stereochemical structure has been elucidated, Hudson ^ (1938) has sug- 
gested an overlapping type of nomenclature. Thus the name d-^uco-d- 
guloheptose is assigned to d-[a-glucoheptose] and indicates that this 
heptose is built up from d-glucose but that the configuration (p. 1543) 
downward from the aldehydic carbon atom is that of d-gulose. 


d-gulosei 


>■ d-glucose 


In addition to the above-described synthesis of epimers through 
the cyanohydnn reaction and reduction of the resultant lactones, 
Fischer also employed the aldonic acids directly for epimer synthesis. 
This important general reaction resulted from his discovery*® (1890) 
that an aldonic acid is converted in part into its epimeric acid on heating 
its solution with a mild base, such as pyridine. The two acids could 


« lUliowt. Ber., 61 , 163 (1628) ; 63 , 2279 (1930). 

** liibeU BXid Fruih, Bur, SUmdarda J. Research, 11, 649 (1933). 
» Kiliani, Ser., 30 , 2714 (1887). 

» Fischer, Ber., 33 , 2204 (1889). 

** Fischer, Ann., 370, 64 (1892). 

*• Philippe, Ann. ehim. phys,, W 36 , 289 (1912). 

•* Hudson, J. Am. Chem. 8oe., 60, 1537 (1938). 

» Fisdier, Ber., 33 , 799 (1890). 
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then be separated and ilie desired epimeric lactone reduced to the aldose. 
A later synthesis of epimers employing the hydroxylation of the glycals 
is described in the succeeding chapter (p. 1628). 


CO*H (X)*H 

I I 

HCOH HOCH 

I Pyridine | 

HOCH < > HOCH 

I 

HCOH HCOH 

I I 

HCOH HCOH 

I I 

CHsOH CHjOH 


d-Gluconio acid 


d-Monnonic aoid 


f\ 

HOCH 

I 

HOCH 
HCO— I 

I 

HCOH 

CHjOH 


d-Mannonolactone 


CHO 

HOCH 

I 

HOCH 

I 

HCOH 

I 

HCOH 

I 

CHsOH 

d-MannoBO 


The sugar degradation methods extended and confirmed the facts 
obtained by the cyanohydrin reactions. The first method used was that 
developed by Wohl. Wohl** (1893) acetylated d-glucose oxime and 
obtained gluconic acid nitrile pentaacetate. Treatment of this substance 
with an ammoniacal solution of silver oxide produced the diacetamido 
compound of arabinose, and this on acid hydrolysis yielded d-arabinose 
or the enantiomorph of the common naturally occurring pentose. 


CHO 

HC=NOH 


CN 

(CH0H)4 

H 2 NOH 

-> (CH0H)4 

1 

AC20 
NaOAo ^ 

HCOAc 

djHjOH 

d^lueoM 

CHjOH 


(CHOAc), 

CHjOAc 


hc(nhc<x:h*)j 


CHO 

1 


1 

(CHOH), 

HOH 

(H,S04)^ 

(CHOH), 


CHjOH 


CH,OH 

ct-Arabmose 


This procedure gives fair results with most of the monosaccharides, 
and Zempl4n later extended it to the disaccharides by-replacing tire 
ammoniacal tilver solution with sodium ethoxide. In t^ maimer 
Zempl&i ^ (1926) degraded the disaccharides cellobiose and lactose by 
one carbon atom. The next degradation method was developed by 
Ruff ** (18^) and is the one that has been the more successful for pre> 

*• WoM, B«r., M. 730 (1893). 

” ZeeapUn. Bet., 59, 1254, 2402 (1026). 

** Rull, £«r., 51, 1573 (1898) ; qA Hookett and Hudaon, J. Am. Cham. Soe., 55, 1632 
(193^. 
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parative purposes. It is a modification of the Fenton (1893) reaction. 
The calcium salt of the sugar acid is treated with hydrogen peroxide in 
the presence of ferric ion, and degradation to the next lower aldose is 
effected. Weennan " (1918) developed a degradation method based 
upon the action of hypochlorite upon the amide of the sugar acid, but 
this extension of the old Hofmann reaction (p. 983) has not received 
much application. 

Having described the important procedures available to Emil Fischer, 
their use will be illustrated by indicating how they were applied in deter- 
mining the structure of the five carbon aldoses or pentoses. Eight (2*) 
active forms are theoretically possible, and the d- and Worms of ar- 
abinose, xylose, lyxose, and ribose were the compounds eventually made 
known through the labors of the Fischer school and others. The possible 
configurations are the four given (p. 1542) and their enantiomorphs. 

Since arabinose and ribose give the same osazone and are conse- 
quently epimeric, they must be either (1) and (2) or (3) and (4). L3rxose 
and xylose likewise give identical osazones. Arabinose on nitric acid 
oxidation gives an optically active trihydroxyglutaric acid, hence arabi- 
nose can have only the configuration (2) or (4). Furthermore, arabinose 
with hydrogen cyanide and subsequent hydrolysis and oxidation gives 
two active dicarboxylic acids, and must therefore have the structure (2), 
as one of the acids derived in this way from (4) would be optically 
inactive by internal compensation. If (2) represents d-arabinose, then 
its enantiomorph represents J-arabinose, and (1) must represent d-ribose. 
Xylose yields an inactive trihydroxyglutaric acid when oxidized and 
must then be represented by configuration (3), and hence lyxose is (4). 
Since i-arabinose, when treated with hydrogen cyanide and the product 
hydrolyzed and reduced, yields a mixture of J-glucose and i-mannose, it 
follows that in these last two the spatial arrangement of their carbon 
atoms three to five, inclusive, is identical with that of I-arabinose. This 
is confirmed by the fact that d-glucose produces d-arabinose on degrada- 
tion by one carbon atom and thus d-arabinose is configurationally related 
to dextrorotatory or d-glucose. 

In the above reasoning no indication is given regarding which of 
the enantiomorphs of each pentose corresponds to the assigned num- 
bers. Fischer used d-glucose and the tartaric acids as his reference com- 
pounds, and this led to ambiguities in the gulose-idose aldohexose series 
which arose from Fischer's naming the gulose obtained from d-glucose 
as the d-form. Rosanoff (1906) has shown that in order to obtain a 

•• Fenton, Proc, Chem, Soc,, 9 , 113 (1893). 

Weerman, Rec. trav* chim.^ S7, 16 (1918). 

« Rosanoff, J. Am. Chem. Soc., 98 , 114 (1906). 
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solution of this problem which is free from ambiguities it is iwoessaty to 
dioose the aldose containing only one asymmetric center as the ultimate 
CHO CHO CHO CHO 

HcIjOH HCkIjH H(!!0H HOCH 

h<!x)h hckIjh Hoin 

ndjoH h(!x)h ndiOH 

<!;h,oh in , oh 

( 2 ) (« V 

d-Arabino^ d-Xyiose 


nioH 
h<!x)h 
<!:h/)h 


IHgOH 
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(O) 

COaH 
H<!x)H 
H(!x>H 

nioH 

iojH 

(Optically inaotiye) 


HC==NNHC 6 H 6 

<!!=NNHC,H, 
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(O) 

COiH 

Hoin 

nioH 
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hAoh 
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reference substance. This substance is ^yoeraldehyde, whose d-form is 
represented empirically below. 

CHO 

I 

HCOH 

I 

CHsOH 

It is to be empharized that the symbols d- and I- refer to configuration 
and not to sign of rotation, the conventions (dextro) and (levo) denoting 
the latter (p. 304). The symbol d,l- will be used to indicate a racemic 
form and i- to denote the inactive and non-resolvable meso form. It is 
well known that d(dextro)-^ucose is configurationally related to (levo)- 
fructose, both giving the same phenylosazone. Accordingly the common 
form of fructose is d(levo)-fructose. 

Rosanoff considered all the hi^er d-aldoses as being derived from 
d-glyceraldehyde by successive cyanohydrin syntheses. Accordin^y an 
aldose belongs to the d-series when the hydroxyl group on the carbon 
directly attached to the end primary alcohol group is represented on the 
right in the stereochemical projection formula. The elaboration of the 
aldose series according to Rosanoff is ^ven in Fig. 1. The conventional 
representation is that \ised by Rosanoff in which a horizontal line to the 
right indicates a hydroxyl group in that direction and the top circle 
represents the aldehyde group. These conventional representations may 
be rotated only in the plane of the paper. 

According to the Rosanoff classification, the same dibasic or saccharic 
acid is obtained from d-glucose and {•gulose. 


I n 

The representation of the saccharic acid from d-{^ucose is indicated by 
(I) and that from f-^ucose by (II). The latter when rotated 180® in the 
pUnft of the paper is identical with (I). The configuration sjunbol tiius 
loses its significance in this case, and the long-known compound prepared 
by Soheele ^ (1776) is then best represented merdy as (dextro)-saochario 

" Scbeele, qA Bugge (Lockmann), “Dm Buch d«r gtoawa CSumiker,” Verlag Cbemie 
Badin (1829). Vd. I. p. m , 
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add. Similarly no configurational asdgnment can be given to 
sorbitol. 


PppOQQOO 


d(daxtro)*<2(dextro)> d^dextzo)- <{CdextxD)-<{(dextro>cK(dextro)- d(levo)- ddevo)- 
Glncon B^noee Alkwe Altroae Galactose Talose Gulos^ ^Idose 


V V V 


ddm). ddevo)- 

Asabinose Riboee 


ddevo)< 


ddevo)- ^d(dextro)> 

Lyxose Xylose 


ddevo) 



Glyceraldehyde was obtainable at the time (see, however, p. 1586) only 
in the racemic or d,^form. The problem of resolving glyceraldehyde and 
adding hydrogen cyanide to the optically active forms was extremely 
difficult. The Rosanoff classification is independent of the actual ful- 
fillment of this step. However, this difficult work was finally accom- 
plished by Wohl and Member " (1914 and 1917), and (dExtro)-glycer- 
aldehyde was related to (levo)-tartaiic acid. The same (levo)-tartaric 
add had been obtained by Maquenne ** (1901) from the oxidation of the 
thieose formed by the Wohl degradation of natural d-xylose, and thus ' 
the hexose degradation methods met the cyanohydrin procedures at the 

The rotatory sign (deztro) or (levo) refers to that of the equilibrated aqueous solution 
Wohl and Momber, Ber., 47, 3346 (1914) ; 60, 456 (1017). 

** Maquenne, Ann. chim, [7] S4, 399 (1901). 
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tetrose stage. This leads to the designations d(dextro)-glyceraldehyde 
and d(levo)-tartaric acid. The assignment of the d-configuration to 
levorotatory tartaric acid is of course contrary to the general usage of 
the terms dr and Jr for the tartaric acids, wherein these symbols are 
employed merely to denote the sign of rotation. 


d(levo)>Tartaric 

acid 


The results and significance of this work were incorporated in an impor- 
tant article by Wohl and K. Freudenbei^ * (1923). 

RING STRUCrnKB AND TAUTOMERIC FORMS 

Introduction. To return again to the central compound, (i-glucose, 
which serves as the prototype of all its relatives, it is found that the 
rather involved discussion just completed has advanced the Kiliani 
formula of 

H H OH H 

CHjOH— (CHOH)«-CHO to CH*OH-C — C — C — C-CHO. 

OH OH H OH 

Fischer (1893) next began to study further reactions of this polyhy- 
droxy aldehyde, and one of the problems he attacked was that its 
behavior, imder acetal-forming conditions, with methanol and hydrogen 
chloride. He obtained no true acetal but instead only one methyl group 
entered the molecule. The product was non-redudng but showed reduc- 
ing properties after acid hydrolysis. In the following year Alberda van 
Ekenstein*^ (1894) isolated a second isomer from the same reaction. 
To explain such results, Fischer adopted tlie ring-structure formula for 
these derivatives which had previously been suggested by ToUens" 
(1883) for d-glucose. At the same time Fischer correctly insisted that 
the facts as then known did not warrant the extension of tiiis ring 
stmctiue to d-glucose itself. 

The two isomeric methanol condensation products of (ducose were 

«* Wdil and Freudenberg, Ber., 66, 309 (1023). 

«• Fisdher, Bar., 16, 2400 (1803). 

** Albarda van Ekenatan, See, trcee. ehim., 18, 183 (1804) 

«* ToUeos, Ber., 16, 021 (1883). 
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named by Fisoha: o-methyl-d-gluooeide ([aJo + ISO") and /9-metliyl-d- 
^uoodde ([a]iD — 34°), and the structures assi^ed were: 


H OCH, 

\ / 

C — 

HCOH 

I 

HOCH 

I , 

HCO 1 

HCOH 

I 

CHjOH 


CH,0 H 


HCOH 

I 

HOCH 
HCO ' 

I 

HCOH 

I 

CHjOH 


These formulas represent inner cyclic acetals, and carbon one has 
become asymmetric, thus accounting for the two isomers. Being com- 
pounds of the acetal type, they are stable toward alkali but are hydro- 
lyzed by acids. Fischer placed the ring closure on the fourth carbon; 
by analogy with the y-lactones. This was an arbitrary assumption which 
later proved to be incorrect. 

This classical work of Fischer confirmed previous indications that a 
ring-structure assignment was needed for other derivatives of glucose. 
Thus, Colley " (1870) had suggested a ring structure to explain the reac- 
tions of a crystalline acetochloroglucose (p. 1573), and A. Michael (1879) 
had ssuitherized a phenol glucoside. Skraup (1889) had decided that 
glucose pentabenzoate contained no free aldehyde group, and finally 
Franchimont ** (1879; 1892) and Erwig and Koenigs (1889) had used 
this structure to explain the known isomeric pair of glucose pentaace- 
tates. 

Mtttarotation. The extension to d-g^ucose of the ring structure 
clearly required by these methylglucosides involves a consideration of 
the phenomenon of mutarotation (p. 305). Dubrunfaut®* (1846) ob- 
served that the optical rotation of a freshly prepared aqueous solution 
of glucose gradually fdl to a constant value. This being about one-half 
td the oripnal, he termed the phrammenon birotation. Tins property 
is possessed by all sugars, which reduce Fehling’s solution, with the 
exception of a number of the ketoses. However, the fall to a half value 

« CoUcv. Ann. Mm. phv»., [4] SI, 363 (1870). 

*• MiduMl, Am. Chem. J., 1, 306 (1870). 

*> Skmup, UonaiM, 10, 401 (1880). 

M FnUMhimont, Ber., IS, 1040 (1870) ; Aec. trm. Mm., 11, 106 (1802). 

•* ErwSs and Koenigs, Ber., SS, 3207 (1880). 

** Dnbninfwit, Ccmpi. imd^ SS, 38 (1846). 
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was, of course, only adventitious for glucose, wid the name mutarotation 
as suggested by Lowry “ (1899) is now used, Fischer, the experimental* 
ist, did not concern himself with this rotation change other than merely 
to suggest that perhaps it was due to hydration. 

The experimental evidence required to interpret the mutarotation of 
glucose was furnished by Tanret *• (1895) when he prepared two isomeric 
forms of d-glucose. One of these, a-d-glucose, shows a rt>tation change of 
+113“—^ + 52.6®; the other, /3-d-glucose, +19®— » + 52.5®. They are 
thus mutually interconvertible into an equilibrium mixture. Tanret 
obtained the equilibrium mixture as peculiar mixed crsrstals which he 
thought constituted a third isomer, but other workers soon corrected this 
error. When a sugar crystallizes from solution, it separates almost en- 
tirely in that form which is the least soluble under the conditions, the 
solution equilibrium then shifting to produce more of this isomer. The 
preparation of a sugar in its crystalline a- and /S-forms thus becomes a 
difficult matter as it is necessary to find conditions under which each 
form will crystallize. Such conditions have been realized with only a few 
of the sugars. When tiie rotation of one form is known, the rotation of 
the other may be calculated by solubility relations according to a 
method developed by Hudson ^ (1904) and by Lowry “ (1904). When 
oKf-^ucose dissolves in water containing alcohol the solubility of this 
initial form, quickly attained, is measured. There then results a slow 
increase in solubility, appearing at a rate equal to that of the speed of 
mutarotation. The equilibrium solubility thus measures the combined 
concentrations of a- and /9-forms, and the rotation of the /S-form may be 
calculated. It is necessary, of cotuse, to maintain an ^cess of the o-foim 
in the solid phase in order to keep its solubility constant. This method 
depends upon the presence in the equilibrium mixture of only two forms 
in appreciable amount. When the method was applied to sugars which 
were accessible both in the a- and in the /9-fonns, the expected results 
were obtained. Tbe /3-isomer of d-mannose was the first known form of 
this sugar, and when Levene “ (1923) succeeded in preparing the a- 
isomer, its rotation was in agreement with that calculated by Hudson 
and Yanovsky (1917). 

The kinetics of sugar mutarotation have been studied extenavely 
by many workers, among whom Hudson, Lowry, Osaka, Riiber, and 
Isbell have been outstanding. The course of the optical rotation change 

w Lowiy, /. Chem. See.. T5. 211 (1899). 

*• Tanret, BtiU. me. ekim., [3] IS, 728 (1895). 

» Hu4aon. J. Am. Chem. 8oe., SS, 1066 (1904). 

•• Lowry, /. Chem. See.. 66, 1661 (1904). 

Levene, J. Biol. Chem., 67, 829 (1923) ; 66, 129 (1924). 

M Ht^ieon and Yanovdor, J. Am. Chem, Soe., 66, 1018 (1917). 
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in general follows the unimolecular law. An equation for calculating the 
velocity constant has been developed which does not require a knowledge 
of the molecular rotation of the second form. 

*1 

a-fonn jS^form 

1 7*0 7* 

^ - log — . wherein K is the resultant velocity 

t Tt 

constant; ki and k 2 are the velocity constants of the two opposing reac- 
tions; t = time; ro = initial rotation; r„ = final rotation; r* = rota- 
tion at time t. 

For d-glucose, Hudson and Dale “ (1917) found the value ky + 1:2 
■ = 0.00625 in water at 20® (minutes and decimal logarithms). This con- 
stant is identical for both forms of the sugar. The velocity of mutarota- 
tion is greatly accelerated by acids and bases, and this point was studied 
by Osaka “ (1900) and by Hudson. The relation for this effect was given 
by Hudson ** (1907) for d-glucose in water in the form: 

Ki^ = 0.0096 + 0.258 [H+] + 9750 [OH'] 

This equation indicates that the acceleration of mutarotation by hydro- 
gen and hydroxyl ions is directly proportional to their concentration and 
that the catalytic activity of hydroxyl ions is about 40,000 times as 
great as that of hydrogen ions. From the constant terms in the above 
equation and the velocity of mutarotation of glucose in pure water, 
Hudson ** (1909) calculated the dissociation constant of water as 1.0 X 
10~^^, which is in good agreement with the values obtained by other 
methods. It is of interest to note here that further studies on the influ- 
ence of adds and bases on the velodty of mutarotation of glucose played 
a considerable part in the establishment by Lowry*® (1923) and by 
Bronsted •* (1923) of our present general theory of the nature of adds 
and bases. 

Lowiy has shown that mutarotation is not effected without a catalyst 
and that both a proton donor and acceptor are required. He has also 
shown that the phenomenon of mutarotation is not confined to the sugar 
group and that only an amphoteric solvent, such as water, is a true 
catalyst for mutarotation. Lowry and Faulkner ^ (1925) showed that 

» HudooB and Dale, ibid., M, 320 (1017). 

** Omlca, Z. phyrik. Chem., 8S, 661 (1900). 

•* Hndaon, J. Am. Chem. Soe., M, 1572 (1007). 

"Hudaon. ibid., 81, 1136 (1909). 

** Lowiy, Chemiitry A Induxbry, 48 , 43 (1923). 

"BrdiuM* Rec, trav, chim,^ 4UI, 718 (1923). 

^ Lowry and Faulkner, J. Chem, Soe,, 127, 2883 (1925). 
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the mutarotation of tetramethylglucose (p. 1554) could be arrested in a 
pyridine (weak base) solution and in a cresol (weak acid) solution, but 
that a mixture of these two solvents gave a velocity twenty times as great 
as that of water. Lowry terms mutarotation a prototropic change and 
attributes it to a proton shift in which the solvent plays a part. He 
interprets the change of an a- to a /3-sugar as passing through an inter- 
mediate acyclic form (in water, the aldehydrol). 


H OH 


HOH 


HC 




OH 


HOH 


\ 


OH 


HO H 

\ / 

C 

I 


The deviation from the monomolecular law of the first part of the galac- 
tose mutarotation curve lends itself to this interpretation, and Smith 
and Lowry (1928) have treated the data from the standpoint of a three- 
membered equilibrium. Evidence that more than two forms of a sugar 
are involved quite generally in mutarotation phenomena has also been 
obtained by Riiber (1922 on) from studies of changes in volume and 
refractivity of sugar solutions undergoing mutarotation. Similar con- 
clusions have been drawn by Isbell and Pigman (1933 on) from precise 
optical rotatory measurements. 

The known crystalline ketoses (Table VI, p. 1588) exhibit abnormal 
mutarotation phenomena. d-Fructose displays an enormous temperature 
effect, sorbose shows a bare trace of mutarotation,^^ and tagatose shows 
none. The aldopentose ribose has a rapid and anomalous mutarotation.'^® 
Thus it would appear that the tautomeric phenomena traced by these 
changes in optical rotatory power are not of the same nature throughout 
the sugar series. 

a-, jS-Isomerism. The preceding discussion of the phenomenon of 
mutarotation certainly establishes the fact that d-glucose, in common 
with all the mutarotating sugars, exists in at least two isomeric forms, 
the ordinary or a-d-glucose and the second or /S-(i-glucose. E. F. Arm- 
strong (1903) was able to relate these two forms of glucose to the two 
methylghicosides of Fischer by means of a very simple and beautiful 

•• Smith and Lowry, ibid., 666 (1928). 

•• Riiber, Tida. Kjemi Bergveaen, 12 , 227 (1932) [C,A., 27 , 958 (1933)1, summariaing 
paper. 

C/. Isbell and Pigman, J, Research Nad. Bur. Standards, 20 , 773 (1938). 

Pigman and Isbell, ibid., 19, 443 (1937). 

” Phelps, Isbell, and Pigman, J. Am. Chem. Soc., 66, 747 (1934). 

»» Armstrong. J. Chem. Soe., 83, 1305 (1903). 
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experiment. Fischer^* (1894) had found that (»-methy]^ucoside was 
hydrolyzed by the raizyme maltase and the /^isomer by emulsin. Arm- 
strong simply observed these enz3analic hydrolyses polarimetrically and 
established the fact that the a-glucoade liberated initially the higher 
rotatory form of glucose and the /3- the lower or jS-glucose. Behrend and 
Roth ™ (1904) also related a- and j3-glucose to the two known glucose 
pentaacetates by acetylation with pyridine and acetic anhydride at 0°. 
o-Glucose produced a-glucose pentaacetate ([a]© + 102®, CHCI3) and 
jS-glucose jdelded the /5-pentaacetate ([a]© + 4®, CHCI3). 

Thus the presence of a ring structure in d-glucose was established. 
There remained the problem of establishing upon good experimental 
evidence two points: first, the point of ring closure; and second, the 
..configuration of carbon one. 

Hudson ” (1909) has ^ven an empirical rule for designating a-, /3- 
isomers. Of an a-, fi-pair of sugars in the d-series, he terms the <»- that 
one which has the higher dextro rotation and assigns the hydroxyl to 
the right. 

H OH HO H ■ 

\ / \ / 

V V 

0 0 

1 I 

The reverse of course holds for the i-series, the enantiomorph of oe-d- 
glueose being designated a-2-glucose. 

The knowledge of the a-, jS-isomerism of sugars and their derivatives 
which is now available is due mainly to the work of Hudson and his 
co-wmrkers. Hudson and Yanovsky'” (1917) measured the rotation 
values of the unknown forms of the sugars by the maximum solubility 
method, but Hudson turned to the acetates of the sugars for a more con- 
venient and richer source of pure a-, /^isomers. The dextro or o-^ucose 
pentaacetate had been prepared by Franchimont™ (1879; 1892), and 
the P- by Erwig and Koenigs-* (1889). They have the foUowing struc- 
tures, in wMch the ring astignment was demonstrated later by methods 
yet to be described. 

»fiaeber, Ber., ST, 2086 (1894). 

" BdiMnd and Roth, Ann., SSI, 360 (1904) ; Hudaon and Dale, J, Am. Chem. Soe., ST, 
1267 (1916). 

»Htidaoii, J. Am. Chem. Soe., SI, 66 (1909). 

^ Huebon imd Yanoveky, ibid,, 89, 1013 (1917). 

^ Fumofaimoiit, Ber,, 18 , 1940 (1879) ; Bee, trav, ehim,, 11 , 106 (1892). 

^ £rwig and Koenigs, Ber,, 88, 2207 (1889). 
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The methylglycoffldes (glycose referring to any sugar) and thrar acetates 
were also included in Hudson’s studies. 

It will be of interest to describe briefly the methods used in obtaining 
isomeric sugar acetates. When the two crystalline forms of a sugar are 
known, the previously cited Behrend acetylation at 0“ with pyridine 
and acetic anhydride serves admirably." The /^-isomer (for the d«eries) 
is obtained by acetylation of either form of the free sugar with hot acetic 
anhydride and sodium acetate. The /S-isomer is transformed to the a* 
form by heating with acetic anhydride and zinc chloride, a reaction due 
to Erwig and Koenigs ™ (1889) but correctly interpreted and greatly ex- 
tended by Hudson. 

o-cMllucose ■* o-d-Glucose pentaacetate 

pyiiaine 

NaOAo 
Ao]0 

jS-et-Gluoose . 8-d-GhicoB& pentaacetate 

pyriaine 

Rules of Optical Rotation. Hudson became greatly interested in a 
study of the numerical values of optical rotations, being especially con- 
cerned with testing the van’t Hoff theory of optical superposition in the 
sugar group. Hudson (1909) developed two rules which he termed the 
rules of isorotetion. If the rotation contributed by carbon one is termed 
A and that of the remaining as 3 munetric centers B, then the moleeular 
rotations will be: 

for the CK-form (decries), A + B 
“ “ /3-form “ ,— A + B 



HudMn, J. Am. Chem. Soe^ SI, 66 (lOCW. 
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It follows from the above that in an a-, /5- pair of isomers, the sum (2B) 
of their molecular rotations will be a constant (rule 1) characteristic 
of the particular sugar, and the difference (2A) will be a constant (rule 2) 
characteristic of the nature of the hydroxyl group or substituted hydroxyl 
on carbon one. These modified rules of optical superposition apparently 
do not have a rigid general application but hold remarkably well with 
many closely related structures, as is illustrated in Tables I, II, and V 
(pp. 1553 and 1582). 

Hudson’s rules of isorotation having been briefly discussed, a number 
of other rules based upon optical properties may be cited. Hudson 
(1910) observed that, in the ordinary 7-lactones of the aldonic acids, the 
sign of rotation of the lactone was determined by the spatial configura- 
tion of the asymmetric center (carbon four) where lactonization took 
place. If carbon four was (+), hydroxyl on the right, the lactone was 
dextrorotatory; and if carbon four was (— ), hydroxyl on the left, the 
lactone showed a levorotation. Levene (1915) obtained evidence to 
show that, when carbon two in a sugar acid is (+), the ion (rotation of 
the salt) is more dextrorotatory than the slightly dissociated free acid, 
and vice versa. It was also noted that the sign of rotation of the phenyl- 
hydrazides of the sugar acids was determined by the sign of carbon two: 
when this was (+) the hydrazide was dextrorotatory, and vice versa. 

TABLE I 

Optical Rotations of Acettlated Sugars in Chloroform 

Molecular Molecular 2A 
Rotation Rotation (Differ- 
of <»-form of /8-form ence) 

+13,500* +46,800* -33,300 

+28,300 -7,900 +36,200 

+39,600 +1,500 +38,100 

+21,500 -9,800 +31,300 

+41,700 +9,000 +32,700 

+40,200 +2,200 +38,000 

+36,400 +470 +35,930 

+39,400 +4,100 +35,300 

+27,800 -9,900 +37,700 

+35,500 -3,600 +39,100 

+36,500 -2,900 +39,400 

+83,000 +42,500 +40,500 

* The mgative sign of 2A is due to this being an Laugar. 

» Hudson, ibid,, 8S, 338 (1910) ; Hudson, ibid., 61, 1525 (1039). 

« Lmne, Biol. Chem., 88, 145 (1915). 


2B 

(Sum) 

+60,300 

+20,400 

+41,100 

+11,700 

+50,700 

+42,400 

+36,900 

+43,500 

+17,900 

+31,900 

+33,600 

+125,500 


Substance 


2-Arabinose tetraacetate * 

d-Xylose tetraacetate 

d-Glucose pentaacetate 

d-Mannose pentaacetate 

d-Galactose pentaacetate 

d-[a-Glucoheptose] hexaacetate 

<i-GlucoBamine pentaacetate 

d-Chondrosamine pentaacetate. 

Cellobiose octaacetate 

Gentiobiose octaacetate 

Lactose octaacetate 

Maltose octaacetate 
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TABLE II 

Ofticai. Rotations of Acbtti^tbd METHTijai.Tcosn>E8 in Chlobofobu 


Substance 

Molecular 
Rotation 
of a-form 

Molecular 
Rotation 
of i8-form 

2A 

(Differ- 

ence) 

Methyl-d-xyloside triacetate 

+34,700** 

-17,600® 

+62,300 

Methyl-d-glucosidc tetraacetate 

+47,300 

-6,600 

+63,900 

Methyl-d-galactoside tetraacetate 

+48,400 

-5,100 

+63,600 

Methylgentiobioside heptaacetate 

+41,900 

-12,360 

+64,260 

Methylcellobioside heptaacetate 

+36,200 

-16,600 

+62,700 

Methyl-d-guloside tetraacetate 

+35,200 

-11,600 

+46,800 

Methyl-d-[a-glucoheptoside] pentaacetate 

+39,500 

-6,900 

+46,400 

Methyl-(2-mannoside tetraacetate 

+17,800 

-18,100 

+36,900 

Methyl-2-rhamnoside triacetate * 

-16,300 

+13,900 

-30,200 


* Measured in acetylene tetrachloride solution. 


This is known as the hydrazide rule of Levene and Hudson. Hudson ® 
(1918) found that it applies likewise to the sugar amides, and Deulofeu ^ 
(1933) has shown that it also applies to the acetylated nitriles of the 
sugar acids. These rules are of a more qualitative nature than the 
isorotation rules and have found wide application. In particular, the 
lactone rule of Hudson has been of great value. For example, Clark “ 
(1922) determined the configuration of carbon five in the methylpentose 
Wucose by a clever application of the lactone rule. Anderson** 
(1912) has shown that ^-d-metasaccharonolactone (p. 1646) rotates 
slightly to the left (—4.7’’) and is in disagreement, therefore, with the 
relation between rotation and structure because its 7 -ring is to the right 
of the structure. As Anderson points out, however, j3-saccharonic acid is 
strongly levorotatory, and the change of rotation due to lactone forma- 
tion is in the direction called for by theory. The same explanation prob- 
ably holds for the small levorotation of d-allonolactone (—6°), which is 
in the opposite direction to that indicated by theory. 

Establishment of the Pyranose Sing Structure. In 1915-1916 Hud- 
son ^ and his co-workers Parker and Johnson were investigating the <»- 
and jS-pentaacetates of <2-galactose and obtained four crystalline isomers, 

•* Hudson, jr. Am. Chem. Soc., 40, 813 (1918). 

*< Deulofeu, Nature, ISl, 648 (1933). 

" Clark, J. Biol. Chem., 84 , 66 (1922). 

Anderson, J, Am, Chem, 5oc., 34 , 51 (1912). 

Hudson and Parker, tWd., 37 , 1689 (1915) ; Hudson and J. M. Johnson, 38 , 
1223 (1916). 
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corresponding with two ot-, jS-pairs. This represented excellent evidence, 
based upon crystalline derivatives, that more than one ring form could 
exist in a sugar and could be explained on the basis of ring closure on dif- 
ferent carbon atoms. Similar compounds were not obtained in the 
glucose series until 1927 when Schlubach and Huntenburg ^ added the 
third and fourth pentabenzoates of d-glucose to the two previously 
prepared by Skraup" (1889) and by Fischer and co-workers* (1911; 
1912). Sugar benzoates are rather difficult to purify, and Levene and 
Meyer * (1928) were able to change considerably the constants given by 
Fischer and by Schlubach for these compounds. 

The determination of the size of the oxide ring in sugar derivatives 
was first accomplished by means of methylation studies. Furdie had 
developed a workable method for obtaining methyl ethers of hydroxy 
acids, which consisted in reacting the alcoholic substance with methyl 
iodide and silver oxide. In 1903 Purdie and Irvine* published the results 
of their extension of this reaction to a-methyl-d-glucoside. A pentar 
methyl derivative was obtained which could be distilled in a good vac- 
uum and which on hydrolysis lost the glycosidic (carbon one) methyl 
group and produced a crystalline tetramethylglucose. The latter fact 
was indeed fortunate, as this substance still remains one of the few 
methylated sugars which crystallizes with any ease. In this derivative 
the hydroxyls are blocked with stable ether groups, and many results 
could now be obtained which were not possible with substituents less 
resistant to chemical action. 

An alternative methylation procedure applicable to the sugar series 
is that employing methyl sulfate and alkali. This general method of 
etherification was first recorded by Ulmann and Wenner ” (1900) ; it was 
applied to the metiiylation of cellulose by Denham and Woodhouse ** 
(1913) ; and was shown to be suitable for the methylation of glycosides 
by Haworth “ (1915). 

Tetramethyl^ucose is a substance which can be oxidized, and from 
a study of its oxidation products the point of ring closure may be ascer- 
tained. Hirst * (1926) oxidized tetramethylglucose with nitric add and 

^ ScUubadh and Huntenburg, Ber,, 60 , 1487 (1927). 

•• Skraup, Mtmatah., 10, 396 (1889). 

Fisdier and Helferich, Ann., 388 , 08 (1911) ; FUcber and K. Frendenberg, Ber., 48 . 
2724 (1912). 

Levene and Meyer, J. Biol. Chem., 76 , 513 (1928). 

•* Purdie and Irvine, J. Chem. Soe., 88, 1021 (1903). 

** Ulmann and Wenner, Ber., 88, 2476 (1900). 

^ Denham and Woodhouse, J. Chem. 8oc., 108 , 1736 (1913). 

MHaworOi, ibid., 107, 13 (1915). 

^ OndL, 850 (1926). 
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identified the acids formed by means of their crystalline diamides. He 
identified i-trimethoxyxyloglutaric acid and (dextro)-dimethosysuccinic 
acid among the oxidation products and thus established the fact that the 
ring closure in tekamethylglucose was on carbon five. The diamide of 
this methylated tartaric acid had been characterized previously by Fury 
die and Irvine ” (1901). 

Since Armstrong had related a-d-glucose to o-methylglucodde, a- 
glucose itself has the same ring structure as tetramethylglucose, provided 
that no ring shift occurred during the methylation process, ^nce /3- 
methylglucoside likewise yields the same tetramethylglucose, or and 0- 
^ucose have the same ring structure. This is variously denoted as (1,5-), 
amylene oxidic, normal or pyranose. The last name was suggested by 
Haworib and is preferable< Accordingly, the ordinary crystalline form 

n purdie and Irvine, ibid., 79, 960 (1001). 
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of glucose is accurately named a-d-glucopyranose and 
structure; 

H H OH H H 

I I I I I 

CHjOH-C C C C C 

I I I I I 

O OH H OH OH 


(dextro)>Dimeth- 
ozyBUodnic add 


has the following 


Haworth correctly considers that the true spatial relationships are better 
shown by a hexagonal formula, and this type of representation has been 
widely adopted, especially for depicting the disaccharide and polysac- 
charide molecules. X-ray evidence in support of such a ring has been 
obtained.” 

CHjOH 



Establishment of die Fuxanose King Structure. The pyranose ring 
structure established for a- and jS-d-glucose has been extended to other 
•* Mwk, Chem. Bet., M, 169 (1940). 
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sugars, and it has been determined that the normal or ordinary forms 
of the sugars and their derivatives possess the p3rranose ring. Other 
ring structures are possible, however. In 1932 Haworth •• reported the 
s3mthesis of a third crvstalUne methylglucoside which contained a (1,4-) 
or furanose ring. Substances containing this unstable ring have also 
been termed butylene oxidic or 7-sugars. In place of the name ring, 
the term lactol has been suggested by Helferich, this name being analo- 
gous to lactone. As the above glucofuranoside was synthesized from 
monoacetoneglucose, it is necessary to digress sufficiently to discuss the 
structure of this ketone condensation product of glucose. In working 
with the sugar alcohols, Meunier (1888) had characterized them as 
their benzal derivatives, in which the benzaldehyde had undergone acetal 
formation with the polyhydroxy sugar alcohol to form a cyclic acetal. 
This reaction is general for polyhydroxy compounds and is effected by 
treatment of the substance with the aldehyde or ketone in the presence 
of an acidic dehydrating agent such as zinc chloride or sulfuric acid. In 
1895 Fischer obtained a crystalline derivative of glucose in which two 
moles of acetone had reacted with the glucose. This substance is known 
as diacetoneglucose, and, on graded acid hydrolysis, crystalline monoac- 
etoneglucose is formed. The structure of these two compounds has been 
the subject of a number of investigations. 

Irvine and Scott**® (1913) methylated diacetoneglucose, and after 
removal of the acetone groups they obtained a beautifully crystalline 
monomethylglucose which formed a crystalline monomethyl phenylosa* 
zone. They also obtained a syrupy trimethylglucose from monoacetone- 
glucose. Neither of the two unsubstituted acetoneglucoses reduces 
Fehling’s solution. These facts place the acetone group of monoacetone- 
glucose on positions one and two. Levene and Meyer **® (1922) ondized 
this monomethyl^ucose with nitric acid and obtained a crystalline mono- 
methylglucosaccharolactone, thus eliminating positions one and ox for 
the methyl substituent. 

The allocation of position three for the open hydroxyl of diacetone- 
glucose was made by K. Freudenberg and by Levene through the use of 
entirely different methods of proof. K. Freudenberg and Doser (1923) 
converted diacetoneglucose to the previo\isly known 3-pyrazolecarboxylic 
acid through tiie following steps, all products being crystaUine. 

•• Haworth, Porter, and Waine, J. Chem. Soe., 2264 (1932). 

Meunier, Compt. rend,, 106, 1426 (1888). 

•“ Fischer, Ber.. SS, 1166 (1896). 

Irvine and Soott, J. Chem. 8oe., 108, 670 (1913). 

Iievene and Meyer, J. Biol. Chem., 64 , 806 (1922). 

Freudenberg and Doser, Ber., 66, 1243 (1923). 
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Levene and Meyer"* (1924) converted the monomethylglucose of 
Irvine and Scott to a crystalline monomethylglucoheptonolactone 
through the cyanohydrin reaction. This lactone was dextrorotatory 
(+48®) whereas the lactone of d-a-glucoheptonic acid is levorotatory 
(—56®). Therefore, in accordance with Hudson’s lactone rule, the 
single (— ) carbon (hydroxyl on left) of ^ucose is occupied by a methoxyl 
group in the monomethylglucose, and this (— ) carbon atom is known to 
be number three. Levene and Simms *** (1925) showed that the above 
4-methylgtucoheptonolactone was an unstable or d-lactone. 

The above work gives the structure of the first three carbons of 
diacetonegiucose, but does not establish the nature of the remainder. 
Levene and Meyer (1926), and also Micheel and Hess “* (1926), 
further methylated the syrupy trimethylglucose prepared from mono- 
acetoneglucose and obtained a ring isomer of tetramethylglucopyranose. 
Micheel and Hess reported their final product as crystalline and melting 
a litUe above 0®. The furanose nature of this ring was proved definitely 
by Anderson, Charlton, and Haworth (1929) by oxidation to 2,3,5,6> 
te^:amethylgluconic add, isolated as its crystalline y-lactone and crys- 
talline phenylhydrazide. The fact that the acetone groiQ) of mono- 
acetoneglucose is placed on carbon atoms one and two was established 
beyond doubt by the isolation of a crystalline trimethyl^ucose phenyl- 
osazone of the trimethyl^ucose by Ihese workers. Accordingly, it is now 

«» ]>vwie and Meyar, Riol. Chem., 60. 173 (1024). 

Iieyene and Siinms, ibid., 60, 31 (1925). 

^ Levfloe and Meyer, ibid., 70, 343 (1926). 

Midied and Hees, ilnn., 460, 21 (1926). 

Andanon, CTharlton, and HaworiJi, /• Chem, 8oe.t 1329 (1929). 
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apparent that, in diacetonei^ucose, pcMsitions one and two cany an 
acetone group; three is open, and the lactol ring is on carbon four. This 
leaves portions five and rix for the second acetone group. It is of interest 
that a furanose (1,4>) derivative is thus directly obtained from an acid 
solution of glucose. 
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The above proof of structure does not involve the unwarranted as- 
sumption that acetone reacts only with hydroxyl groups that are adja- 
cent. This assumption has been definitely disproved by the thorough 
studies of Hibbert and co-workers on glycerol cyclic acetals. He has 
shown that a partition is established between the five- and six-membered 
cyclic acetals. This variation in ring size has a bearing on sugar lactol 
structure, as sugar lactols are really five- and six-membered cyclic 
hemiacetals. 

Monoacetonegiucose is a non-reducing structure in which the furanose 
ling is stabilized. By reacting this substance (I) with phosgene, Ha- 
worth and Porter (1929) obtained a crystalline 5,6-carbonate of mono- 
acetonegiucose (II). The structure of this substance was proved by 
converting its p-toluenesulfonate into the known p-toluenesulfonate 
of diacetoneglucose. In this mixed carbonate and cyclic acetal of glu- 
cose, Haworth possessed a compoimd wherein the acetone group was 
sensitive to acidity and stable to alkali, whereas the carbonate ester 
group had the reverse reactivity. Reaction of this substance (II) witii 
methanol and hydrogen chloride resulted in the loss of the acetone group 
and formation of tiie crystalline ce- and |3-methylglucofuianoside-5,&- 
carbonates (III), the furanose ring structure being meanwhile stabilized 
by tile carbonate group. These were separated, and mild saponification 
produced the gluoofuranosides (IV), of which only the o-form was ob- 
tained crystalline. This work was completed by Haworth, Porter, and 

“• Haworth and Porter, ibid., 278C (1C29)> 
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Waine*^^ in 1932. In the case of the similar ethylglucofuranosides, 
Haworth and Porter (1929) succeeded in obtaining both «- and | 8 - 
forms in crystalline condition, the separation being effected through 
fractionation of their crystalline 5, &-carbonate-2, 3-diacetates. 
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These furanosides are characterized by their ease of hydrolysis with 
acids, and the ring is accordingly very labile. They are not affected by 
dilute permanganate or by Fehling’s solution. Previous statements that 
such behavior was characteristic of y-glycosides were thus shown to be 
in error, easily oxidizable impurities being present in the older syrupy 
preparations. 

Complete methylation of a-methylglucofuranoside followed by hy- 
drolysis of the glycosidic methyl group produces the liquid tetramethyl- 
glucofuranose or 7 -tetramethylglucose. This substance on oxidation 
with hypobromite forms a crystalline lactone, which in turn may be 
converted to a crystalline phenylhydrazide. Nitric acid oxidation of this 
lactone by Haworth, Hirst, and Miller (1927) yielded (dextro)- 
dimethoxysuccinic acid, isolated as the crystalline amide and methyl- 
amide. 
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The a- and j3-glucofuranose pentabenzoates of Schlubach are well- 

Haworth, Porter, and Waine, ibid,, 2254 (1932). 

Haworth, Hint, and Miller, ibid., 2436 (1927). 
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characterized crystalline derivatives of glucofuranose. Their structure 
follows from their method of preparation from monoacetoneglucose, in 
which the furanose ring is established by the experiments previously 
cited. Fischer and Rund (1916) had benzoylated monoacetoneglucose 
and selectively hydrolyzed the acetone group with hydrochloric acid, thus 
producing the tribenzoate, which was isolated as a crystalline carbon 
tetrachloride addition compound. Fischer was merely interested in ob- 
taining a partially benzoylated sugar and of course was unaware that he 
had in hand a glucose derivative containing an unusual ring. The con- 
tribution of Schlubach (1927) was to benzoylate this substance further 
and to separate and isolate the two isomeric pentabenzoates thus 
formed. 

The methods used for obtaining benzoylated sugars may be men- 
tioned briefly. By means of the Schotten-Baumann method using dilute 
alkali and benzoyl chloride, Kueny (1890) and other workers obtained 
some of the first sugar esters. The difficulty with this method when ap- 
plied to the sugars was that mixtures of partially benzoylated structures 
generally were formed. To obtain complete benzoylation of a sugar, 
Fischer (1912) used successfully benzoyl chloride and quinoline. This 
procedure was later improved by substituting pyridine for the quinoline. 




H OBz 



Fischer and Rund, Ber., 49 , 100 (1916). 

Schlubach and Huntenburg, Ber., 60 , 1487 (1927). 
Kueny, Z. phynoL Chem., 14 , 333 (1890). 

Fischer and K. Freudenberg, Ber., 45 , 2724 (1912). 
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Tetrametbylglucofuraiiose had been prepared in 1915 by Irvine 
and his students through methylation and subsequ^t hydrolysis of the 
so^mlled Y-methyl^ueoside obtained by Fis(^r in 1914 and recog- 
nized by him as a ring isomer of the ordinary or normal methylglucosides. 
The y- (termed by the German workers h- for helero) methylglucoside is 
the impure syrupy mixture which arises when glucose is allowed to react 
with methanol at room temperature in the presence of a considerable 
concentration of hydrogen chloride. This reaction is a general one for 
the redudng monosaccharides, and all the y-glycosides so obtained are 
characterized by their ease of hydrolysis. Some of the normal ^ycosides 
are likewise formed in the reaction, and Levene, Rajmond, and Dillon 
(1932) have obtained data to show that the y-glycosides are produced 
initially and then rearrange in part, under the experimental conditions, 
to form the more stable pyranosides. It is probable that this is not a 
true rearrangement but a hydrolyms followed by glycopyranoside foiv 
mation. Very few crystalline isomers have been isolated from these 
y-methylglycoside syrups. Hudson and co-workers have isolated a crys- 
talline isomer from the reaction product with fructose (1934) and 
with arabinose**^ (1937). Haworth*®* (1930) obtained crystalline a- 
methylmannofuranoside from maimose after he had obtained nuclei by 
an extension to mannose *** of his carbonate work, so successfully used 
in obtaining the pure methylglucofuranoside. A fortunate point with 
mannose is that this sugar tends to form only one glycoside, the a-, and 
so the number of possible isomers present in the syrupy y-methylman- 
noside was accordin^y decreased. All the methylated furanose sugar 
preparations so far obtained through these y-glycosides have been syr- 
ups. In the partially substituted sugar series, a crystalline 5-methyl-l- 
rhamnofuranose has been recorded.*** 

An important general procedm^ for the synthesis of furanorides has 
been established by Green and Pacsu *** (1937). These workers found 
that, when a sugar mercaptal (p. 1575) is treated at the appropriate 
temperature with mercuric chloride and yellow mercuric oxide in the 
presence of an alcohol, a mixture of the a- and |8-furanosides of the alcohol 
used may obtained. The reaction sometimes leads to the formation 
of thiofuranosides (furanosides of thiols) or of acyclic acetals (p. 1578). 

iiT Irvine, Fyfe, and Hogg, /. Chem. Soe., 107, 624 (1016). 

***f1acher, Her., 47 , 1080 (1014). 

X/evesie, Raymond, and Dillon, J. Biol. Chem., 96, 699 (1932). 
m Piirves and Hudson, J. Am. Chem. Soc., 56, 708 (1934). 

Montgomery and Hudson, ibid., 69, 992 (1937). 

^ Haworth, Hirst, and Webb, J. Chem. Soe., 651 (1930). 

Haworth and Porter, ibid., 649 (1930). 

1** Levene and Compton, J. Biol. Chem., 114 , 9 (1936). 

»* Green and Paosu, J. Am. Chem. Soe., 69 , 1205 (1937) . 
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By means of the above method a number of crystalline furanosides 
have been made available. Thus, the first crystalline pair of methyl- 
furanosides in the sugar series was foimd for <i-mannose **• (1940), and 
the a- and /3-forms of ethylgalactofuranoside were prepared.*®^ 

The tetrose sugars can exist in the monomolecular form only as a 
furanose or smaller ring. None of the tetrose sugars has so far been 
obtained crystalline. The molecular weight of an erythrose syrup has 
been found to be that of a normal monomer by Deulofeu ^ (1932). 
This mi^t have been expected from the previous work of Helferich and 
his collaborators “* (1921) with 7 -hydroxy aldehydes. An outstanding 
advance in tetrose chemistry was the isolation of a crystalline diacetate 
of d-threose by W. Freudenberg **’ (1932) and of a crystalline triacetate 
of the same by Hockett (1934). Swan and Evans (1936) also ob- 
tained the first crystalline glycoside of a tetrose (a-methyl-i-arabomethyl- 
odde). 

Lactone Studies Related to the Determination of Sugar Ring Struc- 
ture. Any discussion of ring structure in the sugar series would be in- 
complete without a consideration of the supporting evidence obtained 
from the study of lactones. It has been mentioned how tire early known 
7 -lactones of the sugar acids were important in synthetic work and also 
how a statistical study of their rotatory power led to the establishment 
of the lactbne rule of Hudson. Some confusion entered this field when 
Nef and Hedenburg in 1914 isolated a second crystalline lactone of 
gluconic acid and also a second of mannonic acid. It was obvious that 

i** Soattergood and Paosu, ibid., ti. 903 (1940). 

Green and Facsu, ibid.. S9, 2669 (1937). 

Deulofeu, J. Chan. 80 c., ifflZ (1932). 

»* Helferich and Lecher, Ber., 04, 930 (1921). 

>«>W. FreudenbeiK, Ber., 00, 168 (1932). 

Hockett, J. Am. Chan. Soe., 00, 994 (1934). 

Swan and Evans, ibid., 07, 200 (1936). 

5T«f, Ann,, 408, 822 (1914) ; H^denbur^ J. Am. Chan, IT, 845 (1015). 
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one lactone in each of the two pairs was not a 74 actone. Of the two 
lactones, one was much more unstable than the other, and this unstable 
form was apparently the one which was not the 7 -lactone. 

In 1925 Levene and Simms published a very important paper in 
which they showed clearly that, when a free aldonic acid was liberated 
from an aqueous solution of its salt by the addition of one equivalent of 
mineral acid, lactonization took place in two stages. The first was a very 
rapid formation of an unstable lactone, followed by the slow formation 
of the stable 7 -lactone and the disappearance of the unstable lactone. 
The final equilibrium mixture apparently contained the 7 -lactone in 
equilibrium with the free acid. This reminds one of the results obtained 
later by Levene, Raymond, and Dillon in their studies of methylglyco- 
side formation. 

Levene and Simms (1925) applied this procedure to the two 
methylated mannonic acids. The one acid (I) was obtained from the 
crystalline methylation product of the stable mannonic lactone and the 
oilier (II) by oxidation of normal tetramethylmannose. Acid II rapidly 
formed an unstable lactone in aqueous solution; acid I showed the slow 
formation of a stable, apparently (1,4-), lactone. The conclusion was 
reached then that normal tetramethylmannose and thus also the ordi- 
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Levene and Simms, J. Biol, Chem,^ 65, 31 (1025). 
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nary a-methyl m a nn oside did not possess a ( 1 , 4 -) ring but probably had 
a ( 1 , 6 -) ring. In 1926, Levene and Simms extended this work to the 
glucose series with similar results. 
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There had now been obtained by Haworth and by Irvine two series 
of methylated reducing sugars. The first or normal forms were those 
obtained from the ordinary methylglycosides, and the oxidation evidence 
gradually accumulated to show that all had the pyranose structure. 
The other series of methylated sugars was the one obtained from the 
Fischer 7 -methylglycosides and contained the furanose (1,4-) ring. 
When the methylated sugars of either series were oxidized, the lactones 
of the corresponding methylated aldonic acids could be obtained. Of 
the two tetramethylgluconolactones, the 7 - (1,4-) is crystalline and the 
(1,5-) forms a crystalline phenylhydrazide. Their structures have also 
been determined by Haworth, Hirst, and Miller (1927) by nitric acid 
oxidation. 

Haworth and his students (1926) studied the rate of lactone hy- 
drolysis exhibited by the methylated aldonolactones. This was the 
reverse process of the one studied by Levene and Simms. The results 
showed that the lactones obtained from the methylated aldoses of the 

Levene and Sinuna, 68, 737 (1926). 

Haworth, Hirst, and Miller, J. Chem, Soc,, 2436 (1927), 

Charlton, Haworth, and Peat, ibid., 89 (1926). 
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7-metbylglyco8ide series hydrolyzed very slowly and exhibited all the 
properties of 7-lactones. On the other hand, the (1,5-) or S-lactones 
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Fig. 2.'*'— Bates of hydrolysis of methylated lactones 

*Fktna Haworth. *'The Constitutvon of SogarB,” Arnold and Co.. London (1929) 
(ConrteBy oi the puhlidiera.} 
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obtained from the ordinary or normal methylglyooside senes showed a 
high speed of hydrolysis. The behavior toward hydrolysis of the (1,4-) 
and (1,6-) oxygen rings in the methylated lactones of the aldonic acids 
is thus the reverse of that exhibited by the corresponding oxygen rings 
of like size when present in a methylglycoside structure. 

It is inferred that the unstable lactones of the unmethylated aldonic 
acids noted by Nef and Hedenburg and by Levene and Simms are also 
^lactones. This inference is somewhat dangerous, as it involves rea- 
soning by analogy. It is supported, however, by the optical data 
obtained by Levene and Simms for galactonic acid, in which a dextro- 
rotatory lactone was formed first, followed by a levorotatory lactone. 
Now carbon atom five of d-galactonic acid is (+) and number four is 
(— ), so that, if Hudson's rule may be extended to Wactones, the results 
are in harmony with a 5-structure. 


C 02 H 

CO 

1 

HCOH 

1 

HCOH 

1 

HOCH 5=± 

1 

HOCH 

1 

HOCH 

1 

HOCH 

1 

HCOH 

1 

HCO 

1 

CH 2 OH 

1 

CH 2 OH 


rf-Galoctonie uid (dertro) 


COsH 

I 

HCOH 

I 

^ HOCH ^ 

I 

HOCH 

I 

HCOH 

I 

CH 2 OH 


I 

CO 

I 

HCOH 

I 

HOCH 

I 

I OCH 

I 

HCOH 

I 

CHsOH 

Oevo) 


A further use has been made of the divergent properties of the two 
types of aldonolactones in the direct determination of aldose ring struc- 
ture. The results of Armstrong (p. 1649) allowed the pyranose structure 
of the normal methylglucosides to be extended to glucose itself. This 
proof was practically unique for d-glucose because of the specificity of 
enzymic action. It was tacitly assumed that the pyranose structures 
obtained by methylation of the methylglycosides could be extended to 
the free sugars. This was somewhat obscured by the fact that the **nor- 
mal'' methylglycoside was the one produced by the apparently more 
vigorous methylglycosidic formation conditions, as has been noted. 
There was a need, then, for a more direct determination of the ring 
stiuctures of the reducing sugars. This has been given by the studies 
initiated by Hudson and Isbell (1932), and elaborated by Isbell, on 
the rapid oxidation of aldoses to isddonic acids by hypobromite. The 
results showed that there was an immediate formation of the 5-lactone, 

Isbell and Hudson, Bur. Standarde J. Beeearch, 8, 327 (1832). 
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and good proof was given that the free aldonic acid was not an inter- 
mediate. This procedure was also applicable to the available a- and 
^-forms of the aldoses, and significant differences in the rates of oxidation 
of the a- and jS-isomers were noted. The data indicate that the ordinary 
crystalline forms of the aldose sugars possess pyranose structures and 
that the pyranose forms are the main components of the equilibrium 
system, although small amounts of other structures are not excluded. 
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A very interesting result obtained by Isbell (1933) was that a cal- 
cium chloride compound of mannose, isolated by Dale (1929), which 
showed a peculiar and very rapid initial rotatory change in solution, pro- 
duced a 7 -lactone on hypobromite oxidation. Apparently this calcium 
chloride compound of mannose then possesses a furanose ring structure, 
and from this it may be concluded that mannofuranose was present in 
the aqueous solution from which the calcium chloride compound sepa- 
rated. All the above work on hypobromite oxidation rests on the 
premise that the unstable sugar lactones possess a 5-structure and is 
uncertain to the extent that this premise is uncertain. 

Detennination of Ring Stracture by Means of the Glycol-Splitting 
Reagents. The remarkable discovery of Malaprade (1928) that a-gly- 
cols undergo quantitative fission at room temperature with periodic acid 
or its salts opened new vistas in the general field of the degradative oxi- 
dation of organic compounds. The original interest of Malaprade was 
analytical in nature, and he cited his discovery as a method of analysis 
for the periodate ion in the presence of the iodate ion. In application to a 
polyhydric alcohol, Malaprade showed that the reaction took the fol- 
lowing course: 

CHiOH— (CHOH)„-CH*OH + (n + l)HI04-» 

(» + l)HIOs + H,0 + 2HCH0 -I- nHCOOH 

H4ris8^, Fleury, and Joly (1934) correctly interpreted the analyti- 

IsbeU, Am. Chem. Soe., 65, 2160 (le33^ 

Dale, ibid., 51, 2788 (1929). 

Mal^mde, BvU. aoe. cMm., [4] 48, 683 (1928) ; ibid., [6] 1, 833 (1934). 

H^BBey, Fleury, and Joly, J, pharm, chim,, [8] 20, 149 (1934). 
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cal data obtained when periodic acid reacted with an aldohexopyrono- 
side. 
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The isolation and characterization of the reaction product were 
effected by Jackson and Hudson (1936) for the case of /3-methyl-<i> 
glucopyranoside as follows: 
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The intermediate barium salt of the substance termed D'-methoxy-D- 
hydroxymethyl-diglycolic acid was isolated in crystalline form, and the 
d(levo)-glyceric acid was isolated as its crystalline calcium salt. Defini- 
tive differences can be predicted for a furanoside ring and such predic- 
tions were verified by Jackson and Hudson for crystalline a-methyl- 
d-arabinofuranoside. In this case the optically active dibasic acid ob- 
tained is identical with that from an aldo-d-hexopyranoside and formic 
acid is not produced. 

Another a-glycol-splitting reagent is lead tetraacetate, discovered by 
Criegee^^ (1930). The action of this reagent on polyhydric alcohols 
and glycosides is identical with that of periodic acid and with certain 
restrictions is applicable in aqueous solution.'^ For preparative work 
the lead tetraacetate procedure has certain advantages. These new 
methods for the determination of ring structure offer great smiplifications 
over the laborious methylation techniques previously used. 

Jacksoxx and Hudson, JT, Am. Chem. jSoc., 58 , 378 (1936) ; 59 , 994 (1937). 

Criegee, Ann., 481 , 276 (1930) ; Ber., 64 , 260 (1931) ; Angew. Chem., 50 , 163 (1937). 
Criegee, Ann., 495 , 211 (1932) ; Karrer and Hirohata, Helv. Chim. Acta, 16 , 969 
(1933) ; McClenahan and Hockett, J» Am. Chem. Soe., 60 , 2061 (1938). 

^**Baer, Qroidieintz, o-Tid H. O. L. Fischer* J* Am, Chem. Soo., 61 , 2607 (1939)« 
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Configuration of the Reducing Carbon Atom. It has been noted pre- 
viously that to obtain a complete solution for the structure of a cyclic 
sugar or its derivative it is necessary to determine the relative configura- 
tion of the reducing carbon (for an aldose, carbon one) in addition to 
deteimining the point of ring closure. The method of a-,j3-designation 
initiated by Hudson (p. 1550) is empirical and bears no necessary rela- 
tion to true relative configuration. 

Bdeseken (1913) made an attempt to solve this question of the 
space position of the groups attached to carbon one of d-glucose. This 
was based upon his observations regarding the effect of the constitution 
of hydroxy compounds on the electrical conductmty of boric acid solu- 
tions — ^namely, that a da configuration in a cyclic glycol produced a 
complex with boric acid which was a stronger acid than that produced by 
the trans isomer. The conductivity of a-d-glucose in the presence of 
boric acid decreases during mutarotation as it is converted in part into 
/3-d-glucose; the reverse is true of /S-d-glucose. The velocity of this 
change parallels that of the mutarotation. On this basis, a-<j-glucose 
may be assigned the formula: 
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If the above establishment of structure on the basis of phymcal meas- 
urements be accepted, the configuration of carbon one of d-glucose is 
correlated to the Rosanoff classification. Then, if the Armstrong cor- 
relation of oNf-glucose with of-methyl-d-^ucopyraaoside (p. 1549) be 
accepted, the methoxyl can be written to tire ri^t in the projection for- 
mula of the latter substance. 
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The procedure of Jackson and Hudson,^" previously <fiscussed 
(jp. 1569) as a method for ascertaining the point of ring closure, at the 
aamft HtwA offers a metiiod for tire correlation of the configuration of 

B*r., M. 2012 (1913). 
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carbon one. When a methyl aldopentopyranoside is subjected to peri- 
odic add oxidation followed by hypobromite oxidation, the dibasic acid 
(isolated as the crystalline strontium salt) produced has the following 
structure: 

OCHs 

H-C~0--CH2~C02H 

COaH 

The only asymmetric center left in the above substance is that of carbon 
one. With a methyl aldo-d-hexopyranoside, the product contains two 
asymmetric centers; one, as above; and the other, the as3rmmetric 
carbon that was originally carbon five and is thus of identical configura- 
tion (+) for all members of the d-series of aldohexopyranosides. 

OCH, CH 2 OH 
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It is obvious that a direct configurational correlation, based upon the 
order of the groups about carbon one, may thus be made. The results of 
these important researches are tabulated in Table III. So far, the 

TABLE III 

OmOAL PROFERTIEB OT THE FlNAL OxiDATION PRODTTCT OBTAINED 
FROM Methyl Glycosides of Aldofentoses and Aldohexosss 
According to Jackson and Hudson 


Glycoside 

[a]5 (water) 

Glycoside 

Dibasic Acid 

ofMethyl-d-arabinopyranoside 

-17° 

-12.7° 

cvMethyl-d-xylopyranoside 

+154 

-12.1 

o-Methyl-cWyxopyranoside 

+59 

-11.5 

jS-Methyl-d-arabinopyranoside 

-245 

+12.5 

jS-Methyki-xylopyranoside 

-65 

+12.2 

«»-Methyl-4-fi^ucopyrano8ide 

+159 

+26.0 

«K-Methyl-d-galactopyTanoBide 

+196 

+25.4 

oc-Methyl-d-mannopyranoside 

+79 

+26.3 

o-Methyl-d-gulopyranoside 

+120 

+25.4 

/^Methyl-(iglucopyranoside 

-34 

+46,0 

/5^Methyl-d-maimopyranoside 

-69 

+45.4 

jS-Metliyl-d-galacuiyranoside 

+1 

+46.0 


Mt^C^enalum and Hookett, /. Am. CAem. Soc,f CC, 2061 (1988). 
Jackson and Hudson, ibid., €1, 959 (1939). 
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correlations have been consistent with the Hudson a-,jS-empirical rule. 
The data of Table III show that, in the pentose series, the ^(original 
Hudson assignment) -forms of the glycosides give the same dibasic acid as 
the final oxidation product and the iS-forms give the enantiomorph. In 
the hexose series, the dibasic acids produced are diastereoisomeric but 
the same oxidation product is obtained from all the a-glycosides and a 
second oxidation product (dibasic acid) is produced from all the jS- 
glycosides. 

Naturally Occurring Glycosides and Their Synthesis. A wide vari- 
ety of glycosides of alcohols and phenols are found in the plant world. 
On hydrolysis by acids or by enzymes, the glycosides produce one or 
more sugars, chiefiy d-glucose, and the non-sugar portion, which is termed 
the aglucon. These aglucons are of a veiy diversified nature (pp. 1319 
and 1427). It is remarkable that the naturally occurring glycosides are 
for the most part levorotatory and are hydrolyzable by emulsin. They 
accordingly belong to the /S-glycosides. The a-glycosides are hydrolyzed 
in the main only by maltase. Helferich and his students have made very 
extensive studies of the hydrolysis of glycosides by the jS-glucosidase of 
emulsin, and Bourquelot and co-workers (1912) have S 3 nithesized 
^-glycosides by the reversal of the emulsin hydrolytic reaction. 

The function of glycosides in the plant is rather obscure, but the 
physiological actions of many are well established, and it is to the pres- 
ence of such glycosides that many herbs and roots owe their medicinal 
value. A few of the large number of naturally occurring glycosides are 
tabulated in Table IV. 

Salicin is a classical example of a simple glycoside. It occurs in 
willow bark and has the following constitution: 

OH H OH O 

-C C C C CHaOH 

H OH H H 

Irvine and Rose (1906) methylated this substance to form a crys- 
talline pentamethylsalicin which produced tetramethylglucopyranose on 
hydrolysis. Levene and Tipson (1931) have found from^methylation 
studies that some of the glycosides (nucleosides) produced by the partial 
hydrolysis of nucleic acids are furanosides. 

The structures of a number of the naturally occurring glycosides have 
been verified by synthetic methods. The previously described method 

^ Bourqudot and Bridel, CompU rend., 155 , 86 (1912). 

Irvine and Rose, J, Chem. Soc., 89 , 814 (1906). 

Levfne and Tipson, Science, 74 , 621 (1931) ; J. Biol. Chem., 94 , 809 (1932). 
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TABLE IV 

REPBliBBNTATTVX GltCOBIDES OF NaTOBAIi OcCOBBBNCE 


Glycoside 

Sugar 

Aglucon 

Populin 

Benzoylglucose 

o-Hydroxybenzyl alcohol 

Coniferin 

Glucose 

Coniferyl alcohol 

Aesculin 

Glucose 

6,7-Dihydroxycoumarin 

Idaein 

Galactose 

Cyanidin (p. 1318) 

Scopolin 

Glucose (2 moles) 

6>Methylaesculetin 

Peonin 

Glucose (2 moles) 

Cyanidin 

Violanin 

Ithamnose + glucose 

Delphinidin (p. 1319) 

Digitoxin 

Digitoxose (3 moles) 

Digitoxigenin (p. 1443) 

Cymarin 

Cymarose 

Strophanthidin (p. 1435) 

Prunasin 

Glucose 

Mandelonitrile 

Lotiisiii 

Gentiobiose 

Lotoflavin 

Hesperidin 

Glucose + rhamnose 

Hesperitin 

Salicin 

Glucose 

o-Hydroxybenzyl alcohol 


of Fischer produced the isomeric glycosides directly from the sugar and 
alcohol. The other and more selective method is that employing the 
acetohalogen sugars as condensing agents. 

The first acetohalogen sugar, acetochloroglucose, was prepared by 
Colley (1870) by the reaction between glucose and five moles of acetyl 
chloride. It is now known that this substance has the structure 

H 

I 

CH 2 OAC — CH — (CHOAc) 3 — C — Cl. A. Michael (1879) reacted this 
' ^ ' 

compound with potasdum phenolate and obtained crystalline /S-phenyl- 
glucoside. In an analogous manner, Michael (1881) performed the 
first artificial synthesis of a naturally occurring glycoside and obtained 

methyl arbutin, CH 3 C) — ^ ^ — OCeHnOe. A more reactive and 

useful compound than acetochloro^ucose was obtained when iCoenigs 
and Knorr “• (1901) prepared crystalline acetobromoglucose by the ac- 
tion of acetyl bromide upon glucose. These workers showed that this 
compound reacted readily with methanol in the presence of tilver car- 
bonate to form jS-methylglucoside tetraacetate. Koenigs and Knon 

Colley, Ann. diitn. phyt., I4J SI, 363 (1870). 

Michael, Am. Chen. J., 1 , 305 (1879). 

Midmel, Ber., U, 2097 (1881). 

«• KoenigB and Know, Ber., 84 , 978 (1901). 
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also showed that the crystalline acetonitro^ucose, obtained by Colley ^ 
(1873), reacted in a similar manner with methanol in ihe presence of 
barium carbonate to form the tetraacetate of ^-methyl^ucoside. Aceto- 
nitroglucose has the structure CH 2 OACCH — (CHOAc)8 — CHONOa. 


Deacetylation of the above glucoside tetraacetate produced the previ- 
ously known /3-methylglucoside. As this substance was later shown to be 
a pyranoside, it may be concluded that the glucosides synthesized from 
acetobromoglucose possess the pyranose ring structure and the /3- 
configuration, although some exceptions to the latter are known.'*’* 



HCOH 


HOCH 

I 

HCOH 




MeO H 
\ / 


c 1 

c 1 

1 

HCOAc 

j 

H(!jOAc 

AcBr , ^1 


1 

AgjCO, j 

HCOAc 

HCOAc 

1 

HCO — 

j 

HCO — 


MeO H 

\ / 

C— 

HCOH 

I 

HOCH 

I 

HCOH 
HCO — I 


CH,OH 


CH2OAC 


CH*OAc 


CH*OH 


E. Fischer “• (1911) improved the method for preparing the aceto- 
halogen sugars by employing the reaction between the hexose penta- 
acetate (either a- or /3-) and a ^cial acetic acid solution of the halogen 
acid. In this manner, acetohalogen sugars containing chlorine, bromine, 
or iodine were obtained, and in 1923 Brauns '** prepared acetofluoroglu- 
cose. Brauns has extended these reactions to many of the reducing 
sugars and has measured the optical rotations of the acetohalogen sugars 
with hi^ precision. He has deduced a relationship between these rota- 
tion values and the atomic dimensions of the halogens.'*' 

The halogen of these acetohalogen sugars may be replaced by hy- 
droxyl on controlled hydrolysis to form the mutarotatory hexose tetra- 
acetate'** (Fisdier mid DelbrQck, 1909). Ethylation by the Purdie 
reactum of such a tetraacetate, obtained '** (Hudson and Johnson, 1916) 
from the third form of ^dactose pentaacetate, produced on deacetylation 

U? CoUqr, Oompt. rend., 76, 436 (1S73). 

u* Levene and Wcd&om, J. BM. Chem., 78, 526 (1928). 

Fiacber, Ber., 44, 1899 (1911). 

1*0 Brauns, J. Am. Chem. See., 45, 833 (1923). 

Brauns, Bur. Standards Je Research, 7, 573 (1931) ; summarising paper. 

Fisdber and DelhrUck, Ber., 4S, 2776 (1909). 

Hudson and Johnson, J, Am. Chem. 8ot,, 88, 1228 (1916). 
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a new crystalline ethy^salaotogide of a non-pyranose structure (Schlu- 
bach and Meisenhdmer, 1934). 

Zempldn *** (1929) has solved the problem of obtaining the isomeric 
o-^ycosides through the Koenigs and Knorr reaction by the substitu* 
tion of mercuric acetate for the silver salt. Pacsu (1928) was able to 
convert /3-methylglucoside tetraacetate quantitalivdiy into the a>form 
by heating with titanium tetrachloride in chloroform solution. Helferich 
and co-workers (1933) have made the phenolic o-glycosides available 
by the procedtue of fusing the sugar acetate with ^ phenol and zinc 
chloride. 

Acydic Sugar Structures. It has been seen how the original alde- 
hyde formula for d-glucose gave way to the lactol or cyclic hemiacetal 
structure required to explain further isomerism. It became a matter of 
conriderable interest, then, when in 1926 Levene and Meyer ^ obtained 
a pentamethylglucose which contained no ring in its structure. This was 
i^thesized from glucose ethyl mercaptal. Although Fischer was unable 
to prepare an acetal of glucose, be succeeded in preparing a thioacetal or 
mercaptal by reacting glucose with ethyl mercaptan in concentrated 
hydrochloric acid solution ^ (1894) . Levene and Meyer methylated this 
crystalline substance and removed the thioacetal groups with mercuric 
chloride and water, obtaining the product as a syrup. This reaction was 
extended to galactose and mannose (1927). 

In 1929 Wolfrom obtained a crystalline open chain or tUdehydo- 
pentaacetate of d-glucose similar in structure to the above. The method 
used was a hydrolysis of the acetylated ^ucose ethyl mercaptal in dilute 
acetone solution by reaction with mercuric chloride in the presence of 
cadmium carbonate. 

ySEt 
HOC 
I ^t 

(CHOAc)4 

I 

CHtOAc 

The substance readily formed a semicarbazone without loss of an 
acetate group and gave a Scbiff aldehyde test. The reaction was later ex- 

Scblubaoh and Meisenheimer, Ber., S7, 429 (1934). 

Zempl4n, Ber., 62, 990 (1929) ; Zempl4n and Gereoa, Ber., 63. 2720 <1930). 

i«PacBU, Bcr., 61, 137, 16X3 (1928). 

Helferich and Sohmitz-Hillebrecht, Ber., 66, 378 (1933). 

Iievene and Meyer, J. BioL Chem,, 69, 176 (1926). 

“•Pischer, Ber., 27. 673 (1894). 

170 Levene and Meyer, /• BioL Chm»^ 74 , 696 (1937). 

Wolfrom, J. Am. Chem. Soe., 61, 2188 (1929). 


CdCOg 

HgCl2+HsO' 


CHO 

I 

> (CHOAc). + 2ClH^Et -1- Cda, + CO, 


CHrf)Ae 
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tended to several other sugar structures. aZdcA^do-Glucose pentaacetate 
has been prepared by the catalytic reduction of gluconyl chloride penta- 
acetate (1936), obtained from gluconic acid pentaacetate. A few of 
the fully acetylated and non-lactonized sugar acids are obtainable by 
direct acetylation methods.^^* Hurd and Sowden (1938) devised a 
general procedure for their synthesis by the deamination of the acety- 
lated aldonamides. 

The synthesis of oZcfeAi/do-galactose pentaacetate (1930) added a 
fifth crystalline pentaacetate to the four then known. This latter sub- 
stance also formed crystalline carbonyl addition compounds with alcohols 
and water which by their distinctive rotations were shown to be true val- 
ence compounds. In 1930 Brigl and MuhlschlegeP^® obtained an aldehydo- 
pentabenzoate of glucose which crystallized as an alcohol addition com- 
- pound, apparently an ethyl hemiacetal or carbonyl addition compound. 
This would indicate that the nature of the substituent groups apparently 
influences the stability of the carbonyl group, as such addition com- 
pounds did not form with the acetate, although the mutarotation 
exhibited by the acetate in alcohol showed the formation of such struc- 
tures in solution. The mutarotation exhibited by an aWeAydo-acetate in 
alcohol can be explained by carbon one becoming asymmetric through 
hemiacetal formation. Such a pair of isomers has been isolated for the 
ethyl hemiacetaJs of methyl aZdcAydo-d-galacturonate (p. 1590) tetra- 
acetate by Dimler and Link (1940), who designated the isomers by the 
prefixes a and jS. To prevent confusion with the usual a,-i3-cyclic sugar 
nomenclature, the prefix dldehydo is included in the name. 

OH OCH 3 

I I 

HCOCH, ^ HO»=0 + MeOH 5=i HCOH 

I I I 

(CHOAc )4 (CHOAc)4 (CHOAc)4 

I I I 

CH^Ac CHsOAc CHsOAc 

I II I' 

A typical sugar mutarotation curve is obtained when an aJdehydo- 
acetate (II) is dissolved in methanol, and a similar type was found by 
Wolfrom and Morgan (1932) for ai!dehydo-galactose pentaacetate 

Cook and Major, ibid., 58, 2410 (1936). 

Major and Cook, ibid., 58, 2674 (1936) ; RobbinB and Upson, ibid., 51, 1074 (1940). 
»<Hurd and Sowden, ibid., 60, 236 (1938). 

>» WoUrom, ibid., H, 2464 (1930). 

in Briol and MOUscUegal, Ber., 55. 1661 (1930). 

Snntw and Link, /. Am. Chem. Soc., 55, 1216 (1940). 

Wolfrom and Morgan, ibid., 54, 3390 (1^2). 
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methyl hemiacetal (I) in methanol solution. The three-membered na- 
ture of tbe oMehydo-SiCebsA^ and methanol equilibrium can be demon- 
strated by the complex nature of the mutarotalion curve obtained when 
I is dissolved in pure chloroform. The free carbonyl form (II) of an 
alde^j/do-acetate shows no mutarotation in pure chloroform. Galactose 
pentaacetate aldehydrol exhibits no mutarotation in water, carbon one 
not being a83nnmetric; but in chloroform solution the water dissociates 
from the carbonyl and a monomolecular decomposition curve results. 

/OH 

HC< HC=0 

|N)h I 

(CHOAc)4 (CHOAc) 4 + HjO 

I I 

CHsOAc CH 2 OA 0 



Time 

Fig. 3. — Mutarotation characteriatics of aldehydo-Bogfii acetates. , dldekydo-d- 

galactose methyl hemiacetal in chloroform (alcohol-free), time in hours; , 

aldehydo-d-gaiaeboae methyl hemiacetal in methanol, time in hours; , 

oldehydo-d-galactose aldehydrol in chloroform (alcohol-free), time in minutes. 

Micheel ™ (1935) and Wolfrom (1935) prepared fully acetylated 
aldose sugars in which the carbonyl group was in the diacetate form. 
Pirie (1936) obtained these structures by the acetylation of sugar 
mercaptals with acetic anhydride and sulfuric acid and isolated d,Jr 
galactose heptaacetate from agar by the use of these reagents. An 
acyclic acetohalogen galactose*^ has been reported, and the similar 
structure in the arabinose series has been found by Felton and W. 

Micheel, Ruhkopf, and Suokfttll, Ber., 68, 1523 (1036). 

“•Wolfrom, J. Am. Chem. Soe., 67, 2498 (1936), 

Pirie. BioeUm. J., SO, 374 (1036). 

“* Wolfrom, J. Am, Chem, Soe,, 67, 2408 (1036). 
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Freudenberg *** (1935) as a by-product in the preparation of the Q3rclic 
form of acetobromoarabinose. Ijl-Dichloro-oZdeAj^do-galactose penta- 
aoetate has been isolated (1940). 


/UAC 

HO< 

I N)Ao 
(CHOAc)4 

CH2OAC 


/UAC 

HO< 

I \Br 
(CHOAc)4 

CHtOAc 


Hudson and co-workers (1937) subjected the methylarabinopyran- 
osides (I) to acetolysis, and with this sugar structure they obtained the 
acyclic derivative II in two forms. These fonns differ only by the 
asymmetry of carbon one and are interconvertible by acetic anhydride 
and zinc chloride. 

H OMe 

\ / 


HOCH 

I 

HCOH 

I 

HCOH 


CH*0 

I 


H— G-OAc 

I 

(CHOAc), 

I 

CHsOAc 

u 


H— C— OMe 

I 

(CHOH)» 


H— C— Cl 

I 

(CHOAc)* 

CHsOAc 

in 


H-C— OMe 
(inOAc). 


CHjOH CHtOAc 

V nr 

Replacement of the 1-acetate in II by chlorine led to III, also isolated 
in two forms, which in turn led to the synthesis of the crystalline dimethyl 
acetal of d-arabinose (V). Sugar derivatives of types II and III also 
have been obtained by direct-operations on the (Mehydo^gfix acetates, 
and in some cases isomeric forms of type II have been isolated.^ 

A general syntiiesis for the sugar acetals is that involving demercaptar 
lation of the acetylated thioacetals in the presence of an alcohol, with 
subsequent saponification of the acetate groups. This was first applied 

Felton end W. Freudenbeis, Md., S7, 1637 (1836). 

u* W<dfiom and Wcieblat. ibid., tt, 1148 (1840). 

^ Montgomery, Hann, and Hudson, ibid., 09, 1124 (1937), 

^ Woifrom and Konigsberg, ibid., 60, 288 (1938) ; Wolfrom, Konigsbergt and Moody 
ML. 2348 (1940). 
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to galactose (1938) aad successfully extended to ^ucose “• (Wolfroir 
and Waisbrot, 1938) and to fractose ^ (Pacsu, 1939), whose thioacetai 
was available by an indirect method (1934). A mixed oxygen-sulfur 
acetal of ^ucose has been reported.^*^ 

A striking result was obtained by Pacsu and Bich “* (1932), when 
they demonstrated that an open-chain or iMonstructure was present 
in a pentaacetate of fructose prepared long before by Hudson and 
Brauns (1916) by direct acetylation methods. A similar finding was 
made by Montgomery and Hudson *** (1934), when they discovered an 
aldehydo-structure in a hexaacetate of d-[a-mannoheptose] obtained by 
acetylation of the free sugar. heto-Fructose pentaacetate exhibits the 
properties of a hindered ketone, the carbonyl group being very unreactive. 

Solutions of the lactol forms of the reducing sugars show the presence 
of their potential carbonyl group by forming typical amino condensation 
products, such as phenylhydrazones, oximes, and semicarbazones. For 
these, however, two types of structure are theoretically possible. 

HO=NOH 
(CH0H)4 
CH-iOH 


(CHOH), 
CHO 


CHjOH 


When a sugar amino condensation product is acetylated, the acetate 
obtained may be of either type, and frequently a mixture of both is 
produced. Glucose phenylhydrazone exists in two forms, one of which 
was shown by Behrend and Reinsberg (1910) to produce on acetyla- 
tion a pentaacetate of the ring-structure type. 


I\^yNHN(Ac)C,Hs 


(CHOAc)a 


CHO- 

1 


CHjOAc 

^ Wolfrom, Taaghe, George, and Waiebrot, ibid., 60, 132 (1038) ; Campbell and Link, 
J. Biol. Chem., Ut, 636 (1938). 

“• Wolfrom and Waisbrot, J. Am. Chem. 8oe., 60, 864 (1038). 

Paeau, ibid., 61, 1671 (1030). 

WoUrom and Tbompaon, ibid., 66, 880 (1034). 

WoUiom, WdaUat, and Haaae, ibid., 68, 3246 (1040). 

>•* Paean aad Bidi. 4Md., 64, 1607 (1032). 

»• Hodacm aad Branna, Udd., 67, 1283 (1016). 

^ Montgomery and Hudson, ibid., 66, 2463 (1034). 

»• Bebrend and Beiaifcais. Arm., 677. 180 (1010). 
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Behrend isolated a-acetylphenylhydrazine on hydrolysis of this acetate. 
He thus allocated one of the five acetate groups in the acetylated hydra- 
zone to the nitrogen and furnished excellent proof for a ring structure. 
Had the structure been acyclic, a hexaacetate would have been indi- 
cated. This principle of establishing ling structures by detecting the 
presence of an N-acetyl group can be effected readily by analytical 
methods that distinguish between N-acetyl and O-acetyl.^®* The same 
result can be obtained by comparing the acetylated nitrogen compound 
with that obtained directly by reaction of the aWeAydo-acetate with the 
amino reagent. 


HO=NNHCeHB 

I 

(CHOH). 

CHiOH 


AoiO 

Pyridine 


HC=NNHC(®5 

I 

(CHOAc)« 

CHjOAc 


^CtHsNHNH, 


0=CH 

I 

(CHOAc). 

CH^Ac 


By these methods the structures of a number of acetylated sugar 
amino condensation products have been demonstrated.*®’’ *»® Thus, glu- 
cose (and galactose) phenylosazone tetraacetate is acyclic; galactose 
phenylhydrazone pentaacetate is acyclic; and both the acyclic (aldehydo) 
and ring types of acetylated oximes and scmicarbazones have been found. 
When the acetylated oxime or semicarbazone is acyclic, the aMehydo- 
form of the sugar acetate may be obtained by treatment with nitrous 
add (Wolfrom and Georges,*®* 1934). 


H(>=NNHCONHs 

I 

(CHOAc)« 

I 

CH,OAc 

HO-NOAc 

I 

(CHOAc). 


H0==0 
HNOi I 
> (CHOAc). 

I 

CHjOAc 

HO=NOH 

(CO,H), I 
> (CHOAc). 



CHjOAc CHsOAc 

It is apparent from the preceding exposition that the acyclic structure 
of the sugars is well established in crystalline derivatives, many of which 
have been obtained directly from solutions of the sugars and thus offer 
evidence that these axyclic structures were present in such solutions. It 

iw Wolfrom, Konigaberg, and Soltaberg, J, Am, Chem. <Soc., 68, 490 (1936). 

iw Wolfrom and Thompson, t&id., 68, 622 (1931); Wolfrom and Christman, tbid., 
68, 3413 (1031) ; Wolfrom, Georges, and ^Itzberg, ibid,, 66, 1794 (1934) ; 68, 1781, 1783 
(1936). 

DQ,i 2 lQf£ii 2 ^ Wolfrom, Cattaneo, Christman, and Georges, ibid,, 66, 3488 (1933>; 
Deulofeu, Cattaneo, and Mendivelzua, J, Chem, Soc,, 147 (1934) ; Restdli de Labiiola and 
Deuiofefii, •/’. Am, Chem, Soc,, 68, 1611 (1940). 

Wd£rom and Georges, J, Am, Chem, Soc,, 66, 1794 (1934). 
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has also been noted that the mutarotation of the sugars is perhaps best 
explained by the assumption of an intermediate acyclic form (p. 1549). 
Marchlewski ^ (1933) has shown that a carbonyl absorption band 
appears immediately on the addition of alkali to glucose and other reduc- 
ing sugars and disappears on neutralization of the alkali. It is also well 
known that a slight alkalinity is essential for the cyanohydrin reaction, 
in which the acyclic form of the sugar is the logical intermediate. Sup- 
porting evidence for such an intermediate is furnished by measurements 
of the initial hydrogen cyanide binding capacity of sugars ^ (Lil>- 
pich, 1932; Brigl, 1931), and certain polarographic measurements have 
been interpreted to indicate the presence of small amounts of the aide- 
hy do-form in aqueous solutions of glucose and other sugars ^ (1940), 
Other Ring Structures. It is of great interest to note that Brigl and 
co-workers ^ (1931) obtained a tetrabenzoate of glucose with the second 
position open. This substance showed no tendency to form a lactol or 
ethylene oxide ring, but showed all the properties of a true open-chain 
cK-hydroxy aldehyde, reacting with diazomethane to form a methyl 
ketone. This eliminates the ethylene oxide ring as a possibility with 
glucose, at least in its benzoate structure. The reactions employed by 
Brigl are diagrammed below. 


HC(SEt)* 

HC(SEt)4 

HC=0 

CH, 

1 

1 


1 

CHiN, 1 

(CH0H)4 

CHOH -> 

CHOH 

> c=o 

CH,OH 

I 

(CHOBz), 

1 

(CHOBz), 

j 

CHOH 


1 

CHsOBz 

1 

CHaOBz 

1 

(CHOBz), 





1 

CHsOBz 


HC( 

SEt), 

1 

CHOH 

HO— NNHC,H6 


CHOMe 

j 

CHOMe 

1 

C—NNHCaHe 



> 

1 

— * 1 


(CHOBz)a 

CHOH 

(CHOH), 


1 

CH,OBz 

j 

CHOH 

CHsOH 




1 

CHO 





1 

CH,OH 



«»Gabryel8ki and Marchlewski. Biockem. Z„ 261. 393 (1933) 
Ml Lippich, ibid., 248, 280 (1932). 

Brigl, Mahlschlegel. and Schinle, Ber., 64, 2921 (1931). 

MS Cantor and Peniston, J. Am. Chem. Soc., 62, 2113 (1940) 
MS Brigl, Mflhlschlcgel, and Schinle, Ber., 64, 2921 (1931). 
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Haworth and co-workers ^ (1938) applied the Weerman degradation 
(p. 1541) to the crystalline 2,3,596-tetramethylgluconamide obtained 
from the crystalline tetramethyl-y-gluconolactone. A crystalline cyclic 
urethane was produced which yielded 2,4,5-trimethyl-<i-arabinose as a 
distilled syrup on treatment with cold, dilute alkali. This substance gave 
a Schiff aldehyde test, and the authors were inclined to regard the com- 
poimd as an a2de%do-structure rather than as a derivative of the propyl- 
ene oxide ring. 


CONH2 

I 

HCOMe 

I 

MeOCH Naoca 
' HCOH 

I 

HCOMe 


I 

HCOMe 

I 

MeOCH 

I 

HCOH 

I 

HCOMe 


CO 

I 

NH 

I 

HCOMe 

I 

MeOCH 

I 

HCO — 


NaOH 
> 


HC=0 

I 

MeOCH 

I 

HCOH 

I 

HCOMe 


CHsOMe 


CHsOMeJ 


HCOMe 


CH20Me 


CHaOMe 


Micheel and co-workers ^ (1933) obtained a galactose tetraacetate 
with the sixth position open, and this on further acetylation yielded two 
new pentaacetates of galactose. The pentaacetate was transformed to 
a new methylgalactoside (jS-methyl-d-galactoheptanoside) through the 
acetochloro compound, and this was proved to have a (1,6-) ring by 
methylation and oxidation. The methylheptanoside had the same low 


TABLE V 

Isomeric Pentaacetates of (^Galactose 


Pentaacetate of: 

M.P. 

[«]o 

Chlotoform 

2A 

o^^Galactopyranose 

96“ 

+107** 

+23 

+32,700 

^-<2-Galactop3Tanose 

142 

a-d-Galactofuranose (?) 

87 

+61 

-42 

+40,200 

/8-d-Galactofuranose (?) 

98 

ix>d>GalactoheptaiioBe 

128 

-11 

+36,900 

^-d-Galactoh^tanose 

112 

-103 

ohiehj^do-d-Galactose 

121 

-25 





Haworth, Peat, and Whetstone, J. Chem, Soc., 1975 (1938). 

Michel and SuokftOl, Ann., MS, 85 (1933) ; M7, 138 (1933) ; Her., 66, 1957 (1933) * 
Midieel and Spruck, Rer., 67, 1065 (1934). 
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stability toward add hydrolysis as the methylfuranosides. Purves and 
Hudson (1937) have demonstrated that fructopyranosides likewise are 
hydrolysed by adds with about the same speed as fructofuranoddes. 
The reactions employed by Micheel are diagrammed bdow. 


HC(SEt)* 

HC(SEt)i 

HC(SEt)s 

HO-0 

1 

HCOH 

HCOH 

HCOAc 

HCOAc 

1 

HOCH 

j 

HOCH 

1 

AcOCH 

1 

AcOCH 

1 

HOCH 

I 

HOCH 

1 

AcOCH 

I 

AcOCH 

1 

HCOH 

1 

HCOH 

1 

HCOAc 

j 

HCOAc 

1 

CH,OH 

1 

CHaOC(C6H5)s 

1 

CH20C(C,H6)» 

1 

CHsOCCCeHs), 


a-andj3- 


/OH 

HC< 

1 N)H 

1 

HCOAc 



1 

1 

HCOAc 

HCOAc 

HCOAc 

HCOAc 

1 

AcOCH 

1 

AcOCH 

1 

AcOCH 

j 

AcOCH 

1 

— ► 1 

— > 1 

—*■ i 

AcOCH 

AcOCH 

AcOCH 

AcOCH 

1 

HCOAc 

1 

j 

HCOAc 

1 

1 

HCOAc 

1 

HCOAc 

CHsOH CHiiO— 

j 

CH,0— 

j 

CHsO— 

MeOv^ 

c 


CO»H COsH 

1 1 

HCOMe HCOH 

1 1 

HCOH 

1 

HCOMe 

1 

HOCH 

1 

MeOCH 

MeOCH 

HOCH 

HO^H 

— * 1 

— > 1 

< — 1 

MeOCH 

MeOCH 

HOCH 

1 

j 

HCOH 

1 

HCOMe 

HCOMe HCOH 

1 

CHrf>- 

j 

CHjO— 

1 1 

CO*H W,H 


The present ratiier considerable knowledge of the trioses ^yceralde- 
hyde and dihydroxyacetone and of the one chose« glycolaldehyde, is due 
in large part to the careful work of H. O. L. Fisoh^ and co-workers in 
this very difficult field. The crystalline forms oi glycolaldehyde and of 
^yceraldehyde are dimeric, but moleculaivweii^t determinations show 

Purvw aad Hudson, /. Am. Ch*m. Soe., W, 1170 (1087). 
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that they pass spontaneously into the monomer in aqueous solution. 
The derivatives ^ of these aldoses are likewise dimeric. It is probable 
that the dimeric structures are produced by the carbonyl of one molecule 
forming a lactol with the hydroxyl hydrogen of a second molecule to 
produce a six-membered ring of the dioxane t3q)e.^* The depolymeriza- 
tion of dimeric dihydroxyacetone has been studied kineticaUy by a 
dilatometric method (1937). The reaction is catalyzed by acids and 
bases, and its general behavior is similar to the mutarotation of glucose. 

CH 2 OH 

I 

HOCH CH CHO 

I i I 

0 O ^2 CHOH 

111 

CH— HCOH CH^H 

1 

CH*OH 

Glyceraldehyde 

HOCH CH* 

I I CHO 

0 O ^ 2 \ 

1 I CHsOH 

CHj — CHOH 

GlyooUddehyde 

Enolic Structure. One other phase of the glucose structure requires 
attention, and that is the enolic form. As the general chemistry of the 
carbonyl group has developed, it has become evident that one of its main 
reactions is that of enolization. 

R— CH2~<3H0 R— CH=CHOH 

The extent of such spontaneous enolization varies considerably with 
the nature of the carbonyl compound but is greatly enhanced by alka- 
linity. There is also good evidence that the enolic form is the interme- 
diate in various reactions, the aldehyde or ketone shifting over to this 
form as the enol is consumed in the reaction. It would be strange indeed 
if the aldehyde glucose were an exception to these well-established prin- 
ciples. The distinctive peculiarity of the sugar enolic form is that this 
is not the usual enol, but an enediol, — C(OH)=C(OH) — . The indirect 
evidence for the existence of the enolic sugar structure is impressive and 
is to be foimd especially in the complicated reactions that take place when 

sw Fischer, Taube, and Baer, Ber,, 60, 479 (1927) ; Fischer and Taube, Ber„ 60, 1704 
(1927) ; Fischer and Baer, Ber., 68, 1749 (1930). 

^ Wohl and Neaberg, Ber., 88, 3095 (1900) ; Bergmann and Mickdey* Bar,, 61, 2297 
(1929) ; Fisdher and Baer, Ber., 68. 1744 (1930). 

tio BeU fUBd Baiighan, J. CAem. Boc.. 1947 (1937). 
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the redudng sugars are placed in alkaline media, the detailed considera- 
tion of which will be reserved for the succeeding chapter (p. 1640). A 
crystalline derivative of d-glucose-l,2-enediol is the substance obtained 
by West (1927) on condensing glucose with ethyl acetoacetate. The 
structure of this compoxmd was established by Garcia Gonzdlez ^ (1934). 


H 


HOHsC — C — C 



C — COsCjH, 


OH OH H 


C C — CH, 


Suxmnaxy of Ring Structure and Tautomeric Forms. All the preced- 
ing evidence shows definitely that glucose is a highly tautomeric sub- 
stance. To be sure, the two known crystalline forms of this sugar un- 
doubtedly have the pyranose structure, but when these are brought into 
solution many changes may occur. Evidence has been obtained for all 
the following glucose structures. The stable or resting stages are the 
pyranose forms, I and III; IV and VI are perhaps favored by acidity 
and II and V by alkalinity. 


HCOH 

I 

HCOH 

I 

HOCH 

I 

HCOH 

I 

HCO— 

I 

CHsOH 

I 


HCOH 

I 

HCOH 

I 

HOCH 

I 

HCO-^ 

I 

HCOH 

I 

CH 2 OH 



HC(OH)» 

HCOH 

I 

HOCH 

I 

HCOH 

I 

HCOH 

I 

CH*OH 

n 

T1 

CHOH 

II 

COH 

I 

HOCH 

HCOH 

I 

HCOH 

I 

CHjOH 





TV V 

West. J. BioL Chan., 74, 561 (1927). 

Garda Gons&les, Analet toe. eapah, vtSm., SS, 815 (1934). 


I 1 

HOCH 

I 

HCOH 

I 

HOCH 

I 

HCOH 

I 

HCO 1 

I 

CHsOH 

m 

I 

HOCH 

I 

HCOH 

I 

HOCH 

I 

HCO 1 

HCOH 

CHsOH 

VI 
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that they pass spontaneously into the monomer in aqueous solution. 
The derivatives ** of these aldoses are likeinse dimeric. It is probable 
that the dimeric structures are produced by the carbonyl of one molecule 
forming a lactol with the hydroxyl hydrogen of a second molecule to 
produce a six-membered ring of the dioxane t3TJe.*®* The depolymeriza- 
tion of dimeric dihydroxyacetone has been studied kinetically by a 
dilatometric method (1937). The reaction is catalyzed by acids and 
bases, and its general behavior is similar to the mutarotation of glucose. 


CHsOH 

I 

HOCH CH CHO 

I I I 

0 O ^2 CHOH 

1 I I 

CH— HCOH CHjOH 

I 

CHjOH 

Glyceraldehyde 


HOCH CHs 

I I 

0 o 


CH* — CHOH 

Glycolaldehyde 


CHO 

2 I 

CH 2 OH 


Enolic Structure. One other phase of the glucose structure requires 
attention, and that is the enolic form. As the general chemistry of the 
carbonyl group has developed, it has become evident that one of its main 
reactions is that of enolization. 


R-CHr- CHO ^ R— CH==CHOH 

The extent of such spontaneous enolization varies considerably with 
the nature of the carbonyl compound but is greatly enhanced by alka- 
linity. There is also good evidence that the enolic form is the interme- 
diate in various reactions, the aldehyde or ketone shifting over to this 
form as the enol is consumed in the reaction. It would be strange indeed 
if the aldehyde glucose were an exception to these well-established prin- 
ciples. The distinctive peculiarity of the sugar enolic form is that this 
is not the usual enol, but an enediol, — C(OH)— C(OH) — . The indirect 
evidence for the existence of the enolic sugar structure is impressive and 
is to be found especially in the complicated reactions that take place when 

^ Fischer, Taube, and Baer, Ber,, 60, 479 (1927) ; Fischer and Taube, Ber., 60, 1704 
(1927) ; Fischer and Baer, Ber., 68, 1749 (1930). 

^ Wohl and Neubwg, Ber., 88, 3095 (19(X)) ; Bergmann and Mickdey, Ber,, 61, 2297 
(1920) ; Fischer and Baer, Ber., 68, 1744 (1930). 

' ^ Bell and Baoghan, J, Chem, 8oe., 1947 (1937). 
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the redudng sugars are placed in alkaline media, the detailed considera- 
tion of which will be reserved for the succeeding chapter (p. 1640). A 
ciystalline derivative of d-glucose-l,2-enediol is the substance obtained 
by West (1927) on condensing glucose with ethyl acetoacetate. The 
structure of this compound was established by Garcia GonzAlez ^ (1934). 

H H OH HC C — COsCjH* 


HOHsC — C — C — C- 

1 I I 

OH OH H 


-C C — CH, 


Summaiy of Ring Structure and Tautomeric Forms. All the preced- 
ing evidence shows definitely that glucose is a highly tautomeric sub- 
stance. To be sure, the two known crystalline forms of this sugar un- 
doubtedly have the pyranose structure, but when these are brought into 
solution many changes may occur. Evidence has been obtained for all 
the following glucose structures. The stable or resting stages are the 
pyranose forms, I and III; IV and VI are perhaps favored by acidity 
and II and V by alkalinity. 


HCOH 


HCOH 


HOCH 

I 

HCOH 


CH*OH 


HC(OH)* 

I 

HCOH 

hoAh 

I 

HCOH 

I 

HCOH 

I 

CHjOH 

n 


HOCH 

1 

HCOH 

i 

HOCH 

I 

HCOH 

I 

HCO 1 

I 

CH2OH 

III 


HCOH 

I 

HCOH 

I 

HOCH 

I 

HCOH 

1 

CHjOH 


CHOH 


HOCH 

I 

HCOH 

I 

HCOH 

I 

CH2OH 

V 


HOCH 


HCOH 

I 

HOCH 


HCOH 

\ 

CH2OH 


West, /. Biol. Chem., 74, 661 (1927). 

Oarda Oonsiles, Analet toe. espoA. fit. qufim., St, 815 (1934). 
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Bri^ and Scbinle ^ (1933; 1934) have obtained direct evidence for 
the high degree of tautomerism displayed by fructose. The marked 
changes in rotation with temperature eidiibit^ by aqueous solutions of 
fructose indicated that this sugar was highly tautomeric. Brigl and 
Schinle isolated three crystalline benzoates by the direct benzoylation 
of fructose and furnished good evidence that they were, respectively: 


CHsOBz 

1 

HOC 1 

CHiOBz 

1 

c==o 

CH 2 OBZ 

1 

HOC 1 

1 

BzOCH 

1 

BzOCH 

1 

BzOCH 

1 

HCOBz 

1 

HCOBz 

1 

H(!x)Bz 

j 

HCOBz 

1 

HCOBz 

1 

HCO 

j 

CHaO— 

1 

CH 2 OBZ 

j 

CH 2 OBZ 

^Fruotopyranoae 

i«(o-Fructo8e 

Fnictofuranose 

tetrabensoate pentabenBoate 

KETOSES 

tetrabensoate 


d-Fructose is the ketose most widely distributed in nature and is thus 
the most available of this group of substances. All the known ketoses 
have the carbonyl group on carbon two. H. O. L. Fischer and Baer 
(1936) found that an equimolecular mixture of d-glyceraldehyde and 
dihydroxyacetone underwent an aldol condensation to produce d-fructose 
and d-sorbose in about equal amounts and in practically quantitative 
yield. They obtained d-glyceraldehyde by the fission of 1, 2,6,6- 
diacetone-d-mannitol with lead tetraacetate and subsequent acid 
hydrolysis of the isopropylidene group. 

The Lobry de Bruyn dilute alkali interconversion reaction (p. 1641) 
was used successfully by Montgomery and Hudson (1930) in obtaining 
the crs^stalline ketose of lactose (lactulose) and by Austin *** (1930) for 
d-^ucoheptulose. Another ketose synthesis is the biological method 
developed by Bertrand. In 1852, the French scientist Pelouze*“ de- 
scribed the isolation of a new ketohexose from the juice of the-berries of 
the moimtain ash. This was a readily crystallizable sugar which has 

*>* Brigl and Scbitae, Ber., <6, 325 (1938) ; 67, 127 (1934). 

*** Fiecber and Baer, Hdv. Chim. Acta, 19, 519 (1936). 

»• Fuchw and Baer, ibid., 17, 622 (1934). 

»*E. Fbchw and Rimd, Ber., 49, 88 (1916) ; ef. v. Vargha, Ber., 66, 1394 (1933). 

Montgomery and Hudson, J. Am. Chem. 8oe., 63, 2101 (1930). 

Austin, ibid., 63, 2106 (1930). 

*** Pelouse, Ann. cMm. vhyt., [3] 36, 222 (1852). 
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been named {-sorbose. For half a century, attempts to repeat the experi- 
ments of Pdouze remained unsuccessful, \mtil Bertrand (1896) foxmd 
that the mountain ash syntherized merely the alcohol sorbitol and that 
this was oxidized to the ketose by a bacterium introduced into the fruit 
by a type of vinegar fly. Bertrand isolated this bacterium, now known 
as the sorbose bacterium {AceUibacteT xylinum), and with this in hand 
it was a rather simple problem for him to prepare the ketose from 
(dextro)-sorbitol. 

This method for ketose synthesis, being biological, is strictly limited 
in application to those alcohols having a a$ configuration on carbon 
atoms two and three or four and five. Bertrand (1904) made crys- 
talline dihydroxyacetone available by the action of the bacterium on 
glycerol. He also obtained crystalline f-glucoheptulose ^ (1928), and a 
crystalline ketoheptose, perseulose ^ (1909), from perseitol, a naturally 
occurring heptitol. The known ketose sugars are tabulated in Table VI. 

GLYCURONIC ACIDS 

The pioneer physiolopcal chemist Schmiedeberg ^ (1879) found that 
when camphor was fed to an animal it was eliminated in the urine as a 
bomylglycoside in wluch the terminal primary hydroxyl group of glucose 
had been oxidized to the carboxyl group. On hydrolysis, this produced 
crystalline glucuronic acid lactone, 

-O- 

CO— CH— CHOH— CH— CHOH— CHOH 


in which the pyranose ring structure is indicated by the methylation ex- 
periments of Pryde and Williams (1933) on bomyl glucuronate. Ac- 
cording to Quick **• (1927), glucuronic acid can be most conveniently 
prepared from bomyl glucuronate, obtidned by administering bomeol to 
dogs. Zervas and Sessler^ (1933) have S 3 nithesized glucuronic acid 
from aoetonebenzylidene^ucose (I). The free terminal primary alcohol 
group of I was oxidized with alkaline permanganate solution to the acid 
II, which on catalytic hydrogenation with palladium produced acetone- 

Bertrand, BuU. aoe. (Aim., [3] 15, 027 (1890). 

Bertrand, Ann. chim, phya,, [8] 8 , 230 (1904). 

Bertrand and Nitzberg, Compt rend.^ 188, 1172 (1928). 

Bertrand, BuU. aoe. chim., [4] 5, 629 (1909). 

*** Schmiedeberg and Meyer, Z. phyaiol. Chem., 3, 422 (1879). 

**» Pryde and Wflliame, Biochem. J., 87 . 1197 (1983). 

Quick, J. Biol. Chem., 74 , 331 (1927). 

^ Zervas and Sessier, Ber., 66 , 1326 (193^. 
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TABLE VI 
Kbtobb Sugars 


Structure 


Occurrence 


Dihydroxyacetone CHjOHCOCHaOH 


^Eiythrulose (i^yrup) 


OH 

CHrf)H— <!j-COCHrf)H 


c^Xylulose (syrup) 


^•Xylulose (syrup) 


c^-Ribulose (syrup) 


I-Ribulose (syrup) 


^-<i-Fructose 


{-Fructose (syrup) 


OH 

CHrf)H— C — i-O 

Aai 


iOCHaOH 


OH H 

CHjOH— (I j — (!j— COCH jOH 
<i)H 

H H 

CHjOH— <!:! — d)— COCHjOH 

in in 

OH OH 

CH^H— <!: — i— COCHrf)H 

'k k 

H H OH OH 

ocHa — dj — "d) — dj — dj — CHsOH 



OH OH H 

CHiOH— d; — dj — dj-cocHrf)H 

k k kn 

H OH H 

CHiOH“**d3““"d!"“'“*d/““OOCHjOH 
d>B ^ <!>h 


Pentosuric 

urine 


Fruits; 

honey 


<{-Sori>08e 
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TABLE VI — Continued 
Ketobb SuoAius 


Occurrence 


^Sorbose 


ci-Tagatose 


Z-Psicose (syrup) 


OH H OH 

CHaOH— d? d? — d>--COCH,OH 

i d>H i 


H OH OH 


CHaOH— C C <>-COCHaOH 

ink k 


CHaOH 


OH OH OH 

— d:j — d>-C( 

k k k 


OCHaOH 


H H H OH 

d-Altroheptulose (sj^rup) CHaOH — d^ d^ k k — COCHaOH Sedum 

Ah Ah Ah A 


Perseulose 


d-Glucoheptulose 


Z-Glucoheptulose 


Turanoee 


OH H H OH 

CH,OH— <*3 — (i) — <!? — <!>-COCHrf)H 

i in i 

H H OH H 

CHjOH — (Ij — ^ ' " ■(!/ ~(!3 — OOOH^H 

Ah Ah a Ah 

OH OH H OH 

CH,OH— A — A — A — A-<XX3HiOH 

A A Ah A 

Disaccbaride; hydrolytic product of 
melezitose 


H H OH OH 

d-Mannoheptulose CH,OH— A — A — A — A— COCHiOH Avocado 

Ah Ah A A 


Lactulose 


Ketose of the disaccharide lactose 
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^ucuronic acid (III), from which the glucuronic acid lactone (TV) was 
obtained by mild acid hydrolysis. Fischer and Piloty ™ (1891) had also 
Q 3 mthesized lY by the reduction of the lactone of glucosaccharic add. 



The animal organism has the power of combining substances which 
are toxic, or which can be oxidized* only slowly, with glucuronic add 
and excreting them in the urine. It was once suggested that the sub- 
stances first form a glucoside with glucose, which then, since the aldehyde 
group is protected, is oxidized at the other end of the chain. This view 
can no longer be upheld since Pryde and co-workers ** (1934) have shown 
that phenyl- and bomyl-^-glucosides are not converted by the dog to the 
corresponding ^ucuronates. The source of glucuronic acid is probably 
mudn. The place of glucuronic add in the general scheme of detoxica- 
tion mechanisms of the body has been studied by Quick (1932). 

d-Glucuronic add has a very widespread occurrence in the plant and 
animal world; with galacturonic acid, it is a constituent of the plant 
mucilages and gums. d-Glucuronic acid is found in the type specific 
polysaccharide of Type III pneumococcus in combination with glu- 
cose^ (Hddelberger and Goebel, 1927); and a similar substance, d- 
galactop 3 uanose- 6 -gluciu'onate, is a partial hydrolysis product of gum 
arabic. The extended investigations of Levene and co-workers have 
established the presence of glucuronic acid as a constituent of the car- 
bohydrate portion of the mucoproteins. 

d-Galactiironic acid is a component of the fruit pectins, which have 
been extendvely investigated by~EhrIich and his students. —Link and 
co-workers ^ (1931) have described its preparation in crystalline condi- 
tion from technical citrus pectin. Anderson ^ has made the interesting 

*** Fischer and Pilotr, Ber., S4, 624 (1891). 

*** Hwaingway, Fiyde, and WiUiams, Bioehem. J., S8, 136 (1934). 

”• Quick, /. Biol. Chon., 97. 403 (1982). 

*** HeidetberKer and Goebel, itnd., 74, 613 (1927). 

m Unk and Nedden, ibid., 94 . 807 (1931) ; MoreU, Baur, and Link, Aid., 106 , 16 (1934). 

*** Anderson, Aid.. 190, 249 (1^). 
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obsenratioa that both Z>falactose and d-galacturonic add are hydrolytic 
products of flaxseed mudlage. Both the d- and the 2>fomis of galactu- 
ronic add have been synthesized from diacetone-(l, 2 ; 3 , 4 )-sala>ctose by 
Niemann and T^inlc ( 1934 ). 


I 

HC(X 


/OCH 
Me*C< I 
NX!H 

I 

HCO- 


HCO 

/OCH 
Me*C< I 
X)CH 

I 

HCO- 


HC(k 
I >CMe, 




HjO 

(Ha) 


HCOH 

I 

> HOCH 

I 

HOCH 

I 

HCO— 


CH*OH 


CO 2 H 


CO*H 


Two crystalline forms of d-galacturonic acid are known, and to one 
of them Ehrlich assigns the aldehyde-hydrate formula. Two crystalline 
methylgalacturonides have also been prepared (Morell and Link,^ 1932; 
Ehrlich and Guttmann,™ 1933), and evidence based upon kinetics of 
hydrolysis is offered for a pyranoside ring in the a-isomer. 

The lactone of d-mannuronic acid has been isolated from certain types 
of seaweed by Nelson and Cretcher (1930). This lactone has also been 
synthesized by the reduction of d-mannosaccharic add lactone (Niemann 
and Link,*’^ 1933) ; similar synthetic procedures have yielded l-mannuro- 
nolactone and d,l-all\uonic add (Link and co-workers, 1934 ^). The 
ready decarboxylation of uronic acids forms the basis of a widely iised 
analytical method for their estimation, originally devised by LefAvre and 
ToUen8*"(1907). 

An important result which promises to be useful in the structural de- 
termination of uronic acid complexes was the apiflication ^ to metiiyl 
galacturonate derivatives of the high-pressure catalytic (copper chro- 
mite) procedure ^ for the reduction of esters to primary alcohols. Thus, 

**< Niemann and Link. Und., 104, 196, 743 (1934). 

Link, Nature, ISO, 402 (1932) ; MoreU and link, J. Biot. Chem., 100, 886 (1933). 

*** xauiioh and Guttmann, Ber., 64, 220 (1933). 

Nelaoh and Cretcher, J. Am. Chem. Soe., 02, 2130 (1980). 

**• Niemann and Link, J. Biol. Chem., 100, 407 (1933). 

*** Niemann, MoCublin, and Link, ibid., 104, 737 (1934); Nienuuin, Katjaia, and 
link, ibid., 104, 189 (1934). 

Ldkvre and ToUena, Ber., 40, 4517 (1907). 

Levene, Tipeon, and Sreider, J. Biol. Chem., 122, 199 (1987) ; Levene and Chtiat- 
man, ibid., 122, 203 (1937). 

>«* Adkina and Cowwr, /. ilm. Chem. Soo., SS. 1091 (1931) ; Adkina and Falkm. Aid. 
02. 1096 (1981). 
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a-methyl-({^alacturomde methyl ester triacetate*** was converted to 
(» 4 nethyl-d-pJactopyraaoside. 

OMe OMe 


HC , 


HC — - 

1 

HCOAc 


1 

HCOH 

1 

HOCH 

1 

AcOCH 

Hi 

1 

AcOCH 


1 

HOCJH 

1 

HCO 


I 

HCO— 


COiMe CHsOH 


+ MeOH + 3EtOH 


DISACCHARIDE STRUCTURE 

Introduction. The term oligosaccharide has been suggested by Freu- 
denberg to denote those polysaccharides which have a definitely known 
number of component molecular units. The oligosaccharides include 
the di-, tri-, and tetrasaccharides. Only the more common of the natur- 
ally occurring oligosaccharides have had their structures elucidated. 
Many more imdoubtedly exist as constituents of those glycosides that 
produce several sugars on hydrolyras. A few such rare sugars have been 
isolated and characterized.*** A number of synthetic oligosaccharides 
have been prepared which are not identical with any as yet found in 
nature. The oligosaccharides are glycosidic condensation products of 
the monosaccharides, a second molecule of sugar acting as the alcohol, 
and when hydrolyzed the simple sugars are released and may be identi- 
fied. Most of the oligosaccharides crystallize as hydrates. 

The problems arising in the elucidation of the structure of the disac- 
charides may be classified imder the following heads: (1) identification 
of the component sugars; (2) which of the component sugars is the alco- 
hol portion; (3) the stereochemical nature (a- or j3-) of the glycosidic 
Unlfftgft ; (4) which carbon of the alcohol portion is concerned in the 
glycosidic union; and (5) the ring structure of each of the component 
sugars. The results of tliese studies have shown that the common disac- 
charides fall into three classes as regards the point of glycosidic union: 
(1) those linked through the reducing groups of each component; (2) 
those linked to carbon four of the alcohol portion, or the C 4 -disac- 
*** Moidl and lonk. J. BM. Ckem., 108, 763 (1036). 

*** Zm^lfe and Goreoa, Ber., 08 , 1318 (1036) ; Zem^On, AToiA tiotuno. Ana. ungar 
Akad. WiM., 07. 800 (1038) ; [C. A., 88, 4202 (1038)]. 
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charides; (3) those linked to carbon six of the alcohol portion, or the 
Ce-disacchaiides. Furthermore, d-glucose is the alcohol portion of each. 
These structures are tabulated in Table VII. 


TABLE VII 

Stbuctubb of the Common DisAccHARmas 
(1) Disaccharides linked through the reducing groups 


Sucrose 


C~~^““0--C — C — — 0~C— 


<{-Qluoopyranoae 


<^•F^lotofuraIlo■e 


Trehalose 



d-Qluoopyranose d-QluoopyraaoBe 


(2) Ci-Disaccharides 
Maltose 


I O 1 

d-GlucopyranoBe 



(HjIluoopyraQOM 


Cellobiose 





<M}luoopyrano 0 e 


d-GluoopyranoM 


Lactose 



d-Qalaotopyranose 


— \J j 

C— C — C — C— c — c 


-O— 


d-Qluoopyraaoae 


(3) C«-Disaccharides 
Gentiobiose 



(MSluoopyranose d-Gluoopyraaose 


Melibiose 



cf-Galactopyranose «K}luoopyrano6e 


In attacking the problems presented by disaccharide structure, the 
nature of the component sugars was the problem most readily solved. 
The stereochemical nature (a- or /3-) of the glycosidic linkage was deter- 
mined by means of enzymic studies and by a consideration of the optical 
rotations involved; some of these results have not been entirely decMve. 
The remaining structural problems were solved by methylation methoda 
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These ccmsisted in methylalang all free hydroxyl groups in the moleoule, 
hydrolyzing, and ascertaining the linkage by the nature of the hydrolytio 
products obtained. This general procedure falls under the head of 
structural determination by degradative methods. The clasdcal meth- 
ods of the organic chemist then require that this structure be confirmed 
by synthesis from intermediates of known structure through controlled re- 
actions. A few selected examples will serve to illustrate these principles. 

The methyl sulfate-alkali procedure was successfully adapted to disac- 
charide methylation by Haworth. Maquenne (1905) had used methyl 
sulfate for /3-glucoside formation, and Haworth adopted the technique of 
Maquenne for the preliminary formation of a glycoside at low tempera- 
tures before using the more stringent conditions required for the remain- 
ing hydroxyl groups. A final methylation by the Purdie method was 
tiien generally used to ensure complete methylation. More recently, 
other methods have been applied to the final methylation stages. Thus, 
the procedure of K. Freudenberg and Hixon ^ (1923), employing the 
conditions of the Williamson ether synthesis, has been applied ^ (1939) 
as well as that modification ^ of the Williamson etherification which 
uses liquid ammonia as a solvent for the formation of the alkoxide.^* 
Methylation Reference Compounds. In determining the nature of 
the hydrolytic products of the methylated disaccharides, a number of 
reference substances will be of significance for the examples to be cited. 

TetrameOiylfmclopyranose. r^Tetramethylfructose, a beautifully crys- 
talline sugar, was first prepar^ by Purdie and Paul (1907) by Ihe 
methylation of that complex syrupy mixture of fructosides obtained by 
E. Fischer*® (1895) through the action of methanol and hydrogen 
chloride upon fructose. The preparation of crystalline jS-methylfructo- 
side by Hudson and Brauns *** (1916) provided a superior source for 
the sugar, and its preparation by the methylation and subsequent hy- 
drol}^ of this glycoside was reported by Irvine and Patterson *“ (1922). 
The pyranose or (2,6-) ring structure for this sugar was established by 
Haworth and Hirst *“ (1926) by the isolation of d-arabotrimethoxyglu- 
taric acid and i-dimethoxysuccinic acid as their crystalline diamides 
from the nitric acid oxidation of }»-tetramethylfructose. 

Maquenne, BtM. toe. ehim., [3] 33, 469 (1905). 

iM Freudenbeix and Hizon, Ber., 66, 2119 (1923). 

Pacau and Tiister, J. Am. Chem. 8oc., 61, 2442 (1939). 

Muskat, Und., 56, 693, 2449 (1934). 

*** Irvine and Routledge, Bnd., 67 , 1411 (1936). 

«M puidia and Paul, J. Chem. Boc., 91. 289 (1907). 

**^ Fiaoher, Ber., 98 , 1146 (1896). 

***HudBon and Brauna, J. Am. Chem. Soe., 38, 1216 (1916). 

** trtiOB and Patteraon, J. Chem. Soe., 181, 2146 (1922). 

**< Bawondt and ffirat. ibid., 1868 (1926). 
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CHsOMe 

I 

MeOCH 

i 

HCOMe 

I 

HCOMe 

1 

CHgO— I 



COjH 

I 

MeOCH 

I 

HCOMe 

I 

HCOMe 

I 

COiH 

COjH 

I 

HCOMe 

I 

HCOMe 

I 

COsH 


S,S,6-Trimethylglucose. The trimethylglucose (I) having this struc- 
ture was prepared in crystalline form by Denham and Woodhouse *“ 
(1914) as a hydrolytic product of methylated cellulose (p. 1687). These 
workers®” (1917) considered that the second position was occupied 
because the substance formed no osazone (</., however, p. 1581), and 
that the third carbon was methylated because, on cyanohydrin forma- 
tion, demethylation occurred with the formation of a dimethyl lactone 
(II). Haworth and Hirst (1921) showed that the sugar was converti- 
ble into 7i-tetramethylglucose (III) on further methylation and hydroly- 
sis. A useful derivative of this trimethylglucose was obtained by 
Schlubach and Moog ®“ (1923t), when they isolated its jS-methylglycoside 
in crystalline foijn. Further support for the third position canying a 
methyl group was afforded by the isolation of this trimethylglucose from 
the hydrolysis products of methylated lactose by Haworth and Leitch **• 
(1918). ^nce Ruff and Ollendorf ®” (1900) had obtained an osazone 
(VII) from the disaccharide (VI) resulting from the degradation of lac- 
tose by one carbon atom, then position three must be open in lactose. 
Good proof that the sixth position was occupied was provided by Irvine 
and Hirst (1922), who obtained a crystalline lead salt of a dimethyl- 
saccharic add (IV) on nitric add oxidation of this trimethy^ucose. 

Denham and Woodhouse, ibid., IN, 2367 (1014). 

*** Denham and Woodhouse, ibid., Ul, 244 (1017). 

Haworth and Hirst, ibid., 110 , 103 (1021). 

»• Sohlubaoh and Moos, Her., 06 , 1057 (1023). 

Haworih and Leitoh, J. Chem. Soe., 113 , 107 (1018). 

®«> Ruff and OUendorf, Her., 33, 1806 (1000). 

®*> Irvine and Hirst, /. CAem. Hoe., 131, 1213 (1022). 
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H OH 
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CHaOMe 
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HOH 


Methylated 

lactose 


HCN+HtO 


-CO 

CHOH 

I 

HCOMe 




HCOH 

I . 

HCOH 

I 

CHsOMe 



HCOH 

I 

HCOH 

I 

COsH 

IV 


CHO 


CHO 

1 

CHOH 

HaO, 

\ 

1 

CHOH 

Fe+++ " 

1 

CHOH 


1 

C 9 H 17 O 8 

1 


VI 

CgHirOs 

V. Lactose 




H OH 

\ / 

C 


I 

HCOMe 

I 

MeOCH 

I 

HCOMe 

I 

HCO 


CHaOMe 

III 


HO«NNHC«He 

I 

C=NNHC«Hs 

I 

CoHitOs 

VII 


Detennination of die Structure of Maltose (l-d-Glucopyranoi^l- 
aHf-gluc(q;>yraiioside). 



CEU>H 


CHiOH 
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Maltose was isolated by Dubrunfaut ^ (1847) and is produced along 
with dextrins by the diastatic degradation of starch. It is reducing and 
produces two moles of d-^lucose on hydrolysis. Its hydrolytic enzyme is 
maltase, and the sugar is therefore considered to possess an a-disac- 
charide linkage. E. Fischer had classified glycosides on the basis of 
enzyme specificity, the a-form being the one hydrolyzed by maltase and 
the j3-isomer the one split by emulsin. This useful principle is not 
always of general application. 

As early as 1905, Purdie and Irvine ^ methylated maltose by the 
silver oxide method. Although oxidation occurred during the methyla- 
tion process, they succeeded in isolating crystalline ?i-tetramethylglucose 
as a hydrolytic product of their methylated substance. Haworth and 
Leitch®“ (1919) obtained a completely methylated and unoxidized 
maltose structure by the methyl sulfate procedure, and on hydrolysis of 
their methylheptamethylmaltoside they verified the results of Purdie 
and Irvine by obtaining w-tetramethylglucose. The second hydrolytic 



CHsOMe 

2f8,6-Trimethylgluoote 



+ 



HCOMe 

1 

MeOCH 

I 

HCOMe 

I 

HOO 1 

I 

CHiOMe 


n^Tetru&etbylgluoOM 


Dubrunfaut, Ann, chim, phys,, [31 Si, 178 (1847). 
Purdie and Irvine, J, Chrnn, Soc,, 87, 1022 (1905). 
SMHawortb and Leitoh, ibid,, 115, 809 (1919). 



1588 


ORGi^C CHEMISmY 


product wae isolated in crystalline form and identified as 2,3,6-tiimethyl- 
g^ueose in 1926 (Irvine and Black; Cooper, Haworth, and Peat ***). 

Hie isolation of 2,3,6-trimethylglucose as a hydrolytic product of 
a disacdharide does not definitely complete the structural determination, 
since the ^ucose molecule in the reducing portion might exist in either 
the pyranose or furanose form. It is necessary to prove that one oS the 
two positions, four or five, is involved in the ^ycosidic linkage and 
the other is involved in the lactol structure. Definite allocation of the 
disaccharide linkage was made by Haworth and Peat^ (1826), who 
eliminated the troublesome ring in the reducing portion of the maltose 
molecule through oxidation to the bionic acid. Calcium maltobionate 
was methylated to form methyl octamethylmaltobionate, and on acid 
hy<^lysis this yielded crystalline n-tetramethylglucose and 2,3,5,6> 
tetramethylgluconic acid, isolated as its crystalline phenylhy(h*azide 
(p. 1560). The structure of the latter follows from its previous forma- 
tion by the hypobromite oxidation of tetramethylglucofuranose. 

Determination of the Structure of Cellobiose (4-(f-Glucopyranosyl- 
/9-<f-sIucopyranoside) . 



CHjOH CH2OH 


Skraup and Kdnig ^ (1901) obtained this sugar in crystalline form 
by the saponification of its crystalline octaacetate, which had been pre- 
pared previously by Franchimont (1879) from the acetolysis of cel- 
lulose with acetic anhydride and sulfuric add. The free sugar Js readily 
obtained caystalline from the saponification of its acetate by sodium 
ethoxide according to Zempl£n (1926). As the best evidence indicates 

Irvine and Blade, itid., 802 (1926). 

*** Cioopw, Haworth, and Peat, ibid., 876 (1920). 

Haworth and Peat, ibid.. 3094 (1926). 

"• Skraup and KOnig, Bet.. 34, 1113 (1901). 

Franchiinont. Per., U, 1941 (1879). 

*'*Zeinpl6B, Bet., 39, 1238 (1926); ZunpUa, Haddoiy, Bet., 60, 1827 

(Ha6). 
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I 
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I 

HCOH 

I 
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_/ 


HCO 

I 

HCOH 

I 

CHjOH 


HCOH 

1 

HOCH 

I 

HCOH 
HCO ' 

I 

CHsOH 


CONHNHCjHs 

I 

HCOMe 

I 

MeOCH 

I 

HCOH 

I 

HCOMe 

I 

CH,OMe 


H OH 


I 

HCOMe 

I 

MeOCH 

I 

HCOMe 

I 
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CHiOMe 


that this sugar is preformed in the cellulose molecule its structure is of 
fundamental importance. It is reducing and is hydrolyzed by add or 
by emulsm into two moles of glucose. Accordingly it has a |8-disao- 
charide configuration. 

It differs from maltose only in its glycosidic configuration, and dmilftr 
methylation procedures were used to prove this point. Crystalline «- 
cellobiose octaacetate was simultaneously deacetylated and methylated 
with methyl sulfate and alkali by Hawor^ and Hirst ^ (1921} to form a 
crystalline methylheptamethyloellobioside, which on hydrolj^ produced 
crystalline notetramethylglucpse and the crystalline 2,3,6>trimethylglu- 
oose of Denham and Woodhouse. 

As with maltose, these results limited the disacdutiide linkage to 
carbon atoms four or five of the glucose molecule. Evidence for the seleo* 
tion of carbon four was ipven by Haworth, Long, and Plant (1927). 
CeUotHk>se was oxidized to caldum cellobionate, and this on ccHnplete 
methylation produced methyl ootamethyloellobionate. Hydrolysis of 

*** Haworth and Hint, J. Chem. 8oe., lit, 193 (1921). 

Lona and nant. HtUU, 3809 (1927). 
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the latter produced n^tetramethyl^ucose and 2,3,5,6-tetramethyIgluoo> 
nolactone, which in this case was isolated in crystalline condition (m. p. 
26-27°) and also as its ciystalline phenylhydrazide. 


HCOMe 

I 

MeOCH 

I 

HCO 

HCOMe 

I 

CHsOMe 

2,3,5,6*Tetrametbyl£luconolactone 


Detennination of tiie Structure of Sucrose (l-o-d-Glucopyrano^l- 
/}-d-4ructof uranoside) . 



CH2OH CHiOH 

Sucrose or common table sugar has long been known. This sugar is 
very widely distributed in the plant kingdom and is apparently the trans- 
pcHl form of carbohydrate for many plants, as d-glucose is for the animal. 
The main commercial sources are the sugar cane and the sugar beet, and 
the final product is sold to the consumer in a very high degree of purity. 

Sum)se is a non-reducing disaccharide, and this fact solves immedi- 
ately the points of attachment of its component sugars as being throu^ 
thrir glycosidfc carbon atoms. It is hydrolyzed with great ease by dilute 
adds and also by its enzyme invertase to produce one mole each of 
^ucose and fructose. The stereochemical nature of the two ^ycosidic 
linkages has not been determined definitely, but the evidence pdnts to 



CABBOHYDRATES I 


1601 


an a-linkage for the glucose component and to a jS-linkage for the 
fructose portion. From a study of the kinetics of sucrose hydrolysis by 
concentrated solutions of invertase at low temperatures, Hudson*" 
(1909) considered that the glucose component was a-glucose and that 
the fructose component was a new form of fructose. 

Purdie and Irvine *** (1903) isolated n>tetramethylgluoose on hydroly- 
sis of a methylated product obtained by the methylation of sucrose by 
the Purdie silver oxide method. Haworth *** (1915) prepared a com- 
pletely methylated octamethylsucrose, succeeding in this by using suc- 
cessively the methyl sulfate and Purdie alkylation procedures. Sucrose 
tends to stop methylation at the heptamethyl stage, the eigh& methyl 
group entering with difficulty. Haworth and Law *’• (1916) hydrolyzed 
this octamethylsucrose imder the mildest possible conditions Euid sepa- 
rated the hydrol 3 rtic products by high vacuum distillation. Crystallii^ 
n-tetramethylglucose was obtained from the higher-boiling fraction. The 
lower-boiling fraction proved to be a dextrorotatory tetramethyl h^ose 
which was not identical with the crystalline and highly levorotatory n- 
tetramethylfructose of Purdie and Paul. Consequently, the fructose 
component of sucrose must possess a different ring structure from that 
of ordinary fructose. The ring structure of this so-called ^’-fructose was 
foimd to be of the furanose (2,5-) type by Avery, Haworth, and Hirst *" 
(1927). Haworth*" (1920) found that the readily obtainable hepta- 
methylsucrose contained a fully methylated fructose portion. Hep- 
tamethylsucrose was accordingly used as the best source of y-tetra- 
metiiylfructose. 

In the work of Avery, Hayrorth, and Hirst, tiie syrupy y-tetramethyl- 
fructose (I), obtained by the mild acid hydrol 3 rsis of heptamethylsucrose, 
was oxidized with nitric acid and the oxidation product (II) isolated as 
the ethyl ester. This substance was a lactol or glucosonic acid which 
could be methylated to form a non-reducing glycoside, and this in turn 
produced a crystalline amide. Oxidation of the lactol acid (II) with 
barium permanganate in acid solution 3 delded the crystalline (m. p. 29°) 
trimethyi-y-<f-arabonolactone (III). The enantiomorph of this had been 
previously obtained by Baker and Haworth *" (1925) from trimethyl- 
I-arabinofuranose. Nitric add oxidation of this lactone shielded (levo)- 
dimethox^uccinic add (IV), characterized as its crystalMe ami^ and 

*** Hudson, J. Am, Chem. 8oe., SI, 665 (1909). 

m Purdie and Irvine, J. Chem. See., 8S, 1021 (1903). 

*" Haworth, tWd., 107, 12 (1016). 

”• Haworth and Law, ibid., 100, 1314 (1916). 

*" Avery, Haworth, and Hirst, ibid,, 2308 (1927). 

*" Haworth, ibid., 117, 100 (1020). 

*" Baker and Haworth, ibid., 117, 865 (1026). 
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methylaimde. This very excellent oxidation work definitely character 
uses the fructose component of sucrose as d-fructofuranose. 
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"^Bynthe^sof Gentiobiose (G-d-^locopyranosyl-^-cducopyranoside). 
Haworth and Wylam^ (1923) obtained a crystalline methylhepta* 
methylgeniiobioside by the complete methylation of g^tiobiose, and 
this on acid hydrolysis produced crystalline ii^tetramethylglucose and 
2,3,4-trimethylglucose,^ identified as its crystalline /S-methylglycoside. 
Tiiis indicated that the disaccharide linkage was on carbon six and the 
sugar ring on carbon five, or vice versa, with the probability in favor of 
the former. Later synthetic experiments decided the carbon six disac- 
charide linkage. 

The synthetic work of Helferich^ and his collaborators (1924- 
1926) has confirmed the structure of gentiobiose as fi-glucosidoglucose. 
Helferich found that triphenylmethyl chloride (called by him trityl 
chloride) reacted preferentially with primary alcohol groups. Glucose 
reacted with trityl chloride to form a 6>monotrityl ether, the allocation 
being proved by treatment with phosphorus pentabromide to form 
derivatives of 6-bromoglucose. Fischer and Armstrong^ (1902) had 
fneviously obtained derivatives of this substance, and Fischer and 
Za^ *** (1912) had determined that the bromine was on the terminal 
carbon atom by reduction to the methylpentose isorhamnose. Helferich 
aoetylated 6-tritylglucose and then removed the trityl group by mild 
treatment with hydrogen bromide, thus obtaining a ^ucose structure 
with only the sixth portion open. Reaction with acetobromof^ucose 
produced gentiobiose octaacetate, the /S-oonfiguration being rendered 
probable by the fact that acetobromo^ucose produces ^-glycosides under 

Bsvorfh and Wylam, ibid., US, 3120 (1023). 

M Irvine end Oldham, ibid., 1S7, 2729 (1925) ; Chadton, Haworth, and Herbert, ibid, 
2855 (1981). 

*** Helferich, Z* angew, Chem., 41, 871 (1988) ; aumiiiatisiiig ^per* 

^ Fiaoher aiid Armstrong, Bar., 85, 833 (1902)4 
FuKsher and Zach, Bar., 45, 8761 (1912). 
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these conditions. The use of an internal dedcoant in this condensation 
has been found to increase the yield very considerably^ (Reynolds 
and Evans, 1938). 
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SUBSTITUTED SUGARS 

The preceding chapter has been concerned with the structures of 
the carbohydrates and the methods involved in determining them, and 
with certain of the reactions of the sugars. The present chapter will 
devote less attention to questions of structure and configuration, but 
will discuss certain substituted and derived sugars, and will consider 
some of their isomeiizations and degradations. 

In many branches of organic chemistry, the original interest of the 
subject was either the eluddation of the structure of naturally occurring 
substances or an inquiry into biological processes. This is particularly 
true in respect to carbohydrate chemistry, and, although often obscured 
by. the tremendous complexity of the field, the basic interest may be 
attributed to the extensive distribution in nature of carbohydrates and 
their derivatives and to their extremely important biological functions. 
The present discussion will consider the subject from this viewpoint and 
will devote particular attention to those substances which are of biologi- 
cal as well as of diemical interest. 

Esters. A number of carbohydrate derivatives which might be con- 
ddered of nainor chemical importance achieve a significance throu^ 
their biological associations, and to this class belong many of the esters. 
Thus while the acetyl and benzoyl esters which have been discussed 
previoudy are only infrequently of biological interest, the phosphoric 
esters on the other hand are of extreme importance and of wide distribu- 
tion in nature. Some of them have been discovered in muscle metab- 
olism, several have been isolated from fermentation processes, to which 
they are essential, and a further group are constituents of the nucleic 
ad^. The related glycerol phosphate is a constituent of certain lipides, 
and the likewise-related phospho^yceric acid is found in the blood in 
significant amounts. These last two compounds have further important 
functions which will be discussed under fermentations. 

From studies on fermentation and on muscle enzymes a number of 
phospho esters have been reported from time to time, but they have 
not all been authenticated since there is considerable difficulty^ in secur- 
ing them in pure state. Four hexose esters for which the structures 
have been established are the Harden-Young diphosphate (fructose-1,6- 
diphosphate), the Robison monophosphate (glucose-6-phosphate), ^e 
Neubeig ester (fructose-&-phosphate), and- the Cori ester ^uoose-l- 
pho^hate). Two additional fermentation esters which have been much 
less investigated are a mannose phosphate and a trehalose phosphate 
whi<ffi yields the Robison ester on hydrolysis and must, therefore, be 
ti vhiilna B-6-monophosphate. In the pentose series, ribose-3- and 5-phos- 
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phates have been secured from yeast nucleic add degradations, but the 
2-de80xyribose phosphate which must be the corresponding constituent 
of thymus nucleic add has not as yet been isolated. In very recent 
years the great activity in the field of fermentation research has led to 
the isolation of the triose phosphates: dihydroxyacetone phosphate, and 
glyceraldehyde>2- and 3-phosphates. 

Partly in connection with structural studies on the above esters, 
but mostly because of researches on the posdble functions of the phos- 
phoric esters in nature, a number of synthetic phosphates have been 
prepared. The procedure usually consists in the treatment of a partially 
substituted carbohydrate with phosphorus oxychloride in the presence 
of dry quinoline or pyridine or some aqueous alkali. A newer ‘ reagent 
is diphenylphosphoryl chloride; the phenyl groups in the resulting prod- 
uct are removed by catalytic reduction. The directing substituents are 
removed; the product is isolated and may be purified by predpitation 
of its barium or calcium salt or by crystallization of its alkaloidal salts. 
As a typical example ^ there may be illustrated the syntheds of glucose-3- 
pho^hate through the intermediary diacetone^ucose (p. 1557) : 


CHO 

1 

HCOH 

HCOv 

1 >CMes 
HC(X 

HCOv 

1 >CMe, 
HCCK 

CHO 

1 

HCOH 

1 

HOCH 

j 

HOCH 0 

HsOifOCH 0 

HiOsPCKDH 

1 

1 1 

1 1 

1 

HCOH 

HC- -1 

1 

HC— -* 

HCOH 

1 

HCOH 

1 

HO 

ECO' 

1 

HCOH 

1 

CH*OH 

/CMe» 

CH*(X 

1 >CMe, 

CH,0/ 

Ch,oh 

OlttOOM 

Diaoetonegluoose 

Diaoetoneelucose- 

S-phoB^ate 

Gluooae^S-phosphate 


The method is general and requires only that the appropriate partially 
substituted dmvative be available, and that removal of the directing 
substituents be possible under conditions which leave the phospho 
group intact. These requirements have been met in a numb» of in- 
stances, and in this manner there have been synthesized the Robison 
ester mentioned above, as well as ^ucose-1-, 3-, 4-, and b-phosphates, 
leaving cmly the 2-pho8phate unknown in the glucose series. Fructose-1- 

> Briri and Mttller, Ber., TS, 2121 (1939). 

* Levene and Meyer, J* BioL Chem,, 98 , 431 (1922) ; l^matsu and Nodsu, Mem* CoU 
8ei, Kueto Imp. Un%v.t 7 , Series A, 377 (1924) ; Nodsu, /. Biochem. (Japan), 6, 31 (1926) 
Baymond and Levene, J. Biol. Chem.t 88, 619 (1929). 
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and S-phoBphates, galactose-1- and G-phosphates, mannose-l-pho^hate, 
d-ribosc-5-phoBphate (and incidentally uridine- and ino8ine-5-pho&- 
phates), d-xylose-5-phosphate, d-arabinose-G-phosphate, and all three 
of the triose phosplmtes previously mentioned have been likewise ^n- 
ihesized. The qmthesis, by less clear-cut procedures, of the Harden- 
Young diphosphate and the Neuberg monophosphate has been reported. 
Attempts to synthesize d-xylose-3-phosphate resulted instead in the 
5-phosphate, migration of the phospho group having apparently occurred 
during removal of the directing groups. This is the only recorded in- 
stance of non-enzymic migration of a phospho group, althou^ migration 
of other substituents is not imcommon. 

In the above syntheses it has been assumed that the phosphoryla- 
lion was not attended by Walden inversion, and in this connection it is 
derirable to refer to Robinson’s suggestion ’ as to the origin of certain 
sugars in nature. In experiments on hydrolysis of sugar esters, par- 
ticularly the to^l* esters, it has been observed that frequently, al- 
though not invariably, there occurs a Walden Inversion (p. 264), resulting 
in the formation of a new sugar. Thus, considering only the carbon 
atom in question: 


Hydroly«i» with „„J.„ 

HCOH -♦ HCOR — — r— > HOCH 

I I Walden inversion I 

Robinson has suggested that in nature certain sugar esters such as the 
phosphates are formed, and are then similarly hydrolyzed with attendant 
Walden inverrion, thus producing a new sugar. In this way glucose 
could yield glucose-4rphosphate and then on hydrolysis could ^ve rise to 
^lactose, thus accounting for the origin of this sugar. Against this 
ingenious explanation it should be observed that, in all investigations 
thus far, enzymic dephosphoiylation has not produced any sugar other 
than that originally phosphorylated. Although this does not exclude 
the posribility that some system actrially exists in nature where this 
change takes place, the reaction has not yet been demonstrated. 

A posrible explanation of the non-occurrence of Waldehlnversion 
during hydrolysis of phospho esters is foimd in the work of Herbert and 
Blumenthal.* By studies involving the use of water made from the 
heavy oxygen isotope, they were able to show that cleavage of phosphates 
occurs between the RO— and the phosphate group: RO -j- Phospho. 

* Robinson, Nature^ 120 , 44 (1927). 

*‘Tosyr* will be used throughout this chapter as an abbreviation for the p-toluene> 
sulfonyl group, and TIS will be used in formulas. 

* Herbertiand Blumenthal, Nature, 144 , 248 (1939). 



CARBOHYDRATES II 1609 

In this case no Walden inversion would be expected. (See p. 264 
et seq,) 

A second group of esters, owing their particular interest to their 
biological origin, are the sulfuric esters* which occur as constituents 
of the mucoproteins and in certain seaweeds. In the mucoproteins the 
non-protein portion has been foimd to be a complex of glucuronic acid, 
acetic acid, sulfuric acid, and an aminohexose (chondrosamine or chito- 
samine). In these compounds the sulfuric acid is apparently attached 
to a hydroxyl of the hexosamine, but since this sulfuric linkage is most 
easily severed, the degradation products are all sulfate- free so the point 
of attachment has not been definitely established. A sulfuric ester of 
increasing biological interest is heparin, which delays or prevents co- 
agulation of blood. It appears to be a polysulfuric ester of mucoitin.® 
A few synthetic sulfate esters have been prepared by methods analogous 
to that for the phosphate esters except that the phosphorus oxychloride is 
replaced by chlorosulfonic acid or sulfuryl chloride. There have been 
prepared in this manner derivatives of glucose- 3 -, 6 -, and possibly 6 -sul- 
fates, and fructose- 1 - and 3 -sulfates. Certain of these esters have been 
studied by Ohle and co-workers, who consider that the oxidation mecha- 
nism of fructose sulfuric (and phosphoric) esters affords insight into the 
biological processes of carbohydrate degradation. 

A further group of naturally occurring esters is that of the tannins. 
These substances were reported to contain glucose, and, although this 
was disputed, it seems confirmed by the best available evidence. On the 
assumption that the small glucose content was due to the presence of 
several digalloyl residues, Fischer ^nthesized pentagalloyl- and penta- 
digalloylglucose and found them to be similar in properties to the nat- 
ural galloyl tanniAs.^ Another synthetic derivative, 1 -galloylglucose, 
has been found to be identical in every respect with a natural product 
which is associated with the tannins, and a crystalline tannin has been 
isolated which is apparently a digalloylglucose. In these esters one 
or more of the carbohydrate hydroxyls are esterified with either gallic, 
C6H2(0H)3C00H, or digalUc acid, H00CC6H2(0H)20C0C6H2(0H)3. 

Although not among the naturally occurring esters, the borates are 
worth mention. From a synthetic standpoint they are of particular in- 
terest because in them the substitution is frequently in positions which 
are different from those of the other common substituting groups. 
Metaboric acid is employed in the condensations, and two hydroxyls 

i^Levene, ''Hexosamines and Mucoproteins/’ Longmans, Green and Co., London 
(1926). 

* Jorpes and Bergstrdm, J, Biol, Chem,, 118, 447 (1937). 

7 Fischer and Freudenberg, Bsr., 46 , 916 (1912) ; fischer and Bergmann, Ber., 61 , 1780 
(1918) ; Ben, 6S, 829 (1919). 
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CH(X 

aie usually involved | yBOH. The linkage is easily severed by add 
CH<X 

I 

hydrolysis when desired, so that the preparation of new, partially sub- 
stituted derivatives is facilitated.* 

A final type of ester which merits consideration is that of tiie ortho- 
acetates. These were first discovered * in preparing a glycoside from 
acetobromorhamnose and methyl alcohol in the presence of sUver 
carbonate. They differ from the normal ^ycoddes usually produced 
by this reaction, being characterized by having one acetyl group resistant 
to even vigorous alkaline hydrolysis. On the other hand this acetyl 
and the methyl group are hydrolyzed by the mildest add treatment, and 
on this account they were considered to be furanosides, with one acetyl 
group unaccountably stabilized. The correct explanation was indicated 
by Braun from a study of ultrarviolet absorption bands; the subject 
was then further studied by Freudenberg and, at about the same time, 
by Haworth. It was thus shown that one acetyl group is in the ortho- 
acetate form, bdng attached to two of the sugar hydroxyls and to the 
methyl group. 



CHOCOCH, 


The formation of the orthoacetates is, for some unknown reason, fadli- 
tated by having cis hydroxyls on carbons two and three of the sugar, so 
that the orthoacetate is the dominant reaction product with the sugars 
falling in this category. It has also been observ^, however, with sugars 
not belonging to this type, for example, in the disaccharide, turanose. 
This sugar is of furth^ interest since Pacsu claims to have secured the 
two orilioacetates which would be expected, ariring from the new asym- 
metric carbon which has been created in the orthoacetate. 

• BrigI and GrOner, jLntu, 4M, 60 (1932) ; £er., 66, 1977 (1933) ; Ber., 67, 1969 (1934) ; 
von Vaigha, Ber.. 66, 704, 1394 (1933). 

* Fiedler, Bersmaon, and Babe, Ber., 63, 2385 (1920) ; Berenditein and Shapkordtii, 
UMtn. Khem. Zhur., 11, 433 (1936). 

**Bnnin, Natnavfiatmtduifien, 16, 393 (1930); Ber., 63, 1972 (1930); Freudenberg, 
liatuinBiatenmihoften, 18, 393 (1930); Freudenberg and Scbobs, Ber., 43, 1969 (1930); 
Haworth, Hiret, and Miller, J. Chtnu 3oc., 2469 (1929) ; Bott, Hawor^ and EQret, ibid., 
1893 (1930). 

** Paoan, /. Am. Chem. Boc., 84 , 8649 (1932) : aea, alee, Goebel and Babeta, /. BieL 
C%em.,U0. 707 (1936). 
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A further example of these derivatives has been provided by Isbell, “ 
who was able to hydrolyze the methyl group in heptaacetyl-4-giluco- 
sidomethylmannoside. The resultant compound differed from the ordi- 
nary glucosidomannose heptaacetates in that it exhibited no mutarota- 
tion, and this was interpreted by Isbell as being due to an orthoacetate 
structure. 



A recent contribution to this interesting field is that of Klingensmith 
and Evans who condensed acetobromoribose with dihydroxyacetone 
monoacetate. The product had the orthoacetate structure, yet, in con- 
trast to all previous examples of this group, was unstable to alkali. 
This was interpreted as being due to rearrangement to the jenediol. 

In connection with the orthoacetates there may be considered the 
observed migration of acyl substituents, which has been assumed to pass 
through the ortho form as an intermediate. For example, the migration 
of the benzoyl group from position three to six in monoacetoneglucose, 
for which Josephson has provided some excellent data on reaction rates, 
may be written as follows: 


I I 

0 CHOCOC«Hs 

1 I 

I— CH 

I 

CHOH 

I 

CH*OH 



O CHOH 



CHOH 

I 

CH20C0C.H6 


Similar mechanisms have been assumed for other migrations of this 
type. Acetyl groups, as well as benzoyl groups, have frequently been 
foimd to imdergo such migrations. On the other hand only one migra- 
tion of a phospho group in the sugars has been described and there 
seems to be no authenticated instance in the literature of such migration 
of alkyl groups. A single example which is of considerable interest, but 
of a different type, was reported by Ohle,“ who observed intermolecular 
migration of a tosyl group: a monotosyl derivative, on treatment with 
ammonia, was fotmd to give rise to a ditosyl derivative, a part of the 
material having tosylated the remamd^. 

** Isbdl, J. Beaearch Nail. Bur. Standetrda, 7, 1115 (1931). 

^ KUngensmith and Evans, J. Am, Chem. Boe., 61, 3012 (1939). 

HeUeridi and KMn, Ann,, 4H, 173 (1927) ; Haworth, Hirrt, and Tmo., J, Chem, 
Son., 1405 (1930) ; 2858 (1931) ; HeUeiich and MOUer, fier., 68, 2142 (1930) ; Josephson, 
Seeruk Kern, Tid„ 41, 90 (1929) ; Ber„ 68, 3089 (1930). 
u oUe and Liohtensl^ Ber„ 68, 2905 (1930). 
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These migrations are of major importance in considerations of struc- 
ture, and it is necessary to be extremely cautious in basing conclusions 
upon original positions of the substituents, which may have been altered 
by the subsequent reactions. 

Thio Sugars. Turning from the esters of the sugars to other deriva- 
tives occurring in nature, mention may be made of the thio sugars. 
Apart from the fairly prevalent thioglucosides only one thio sugar from 
a natural source is known, and this is the thiomethylpentose which 
occurs in yeast. It is combined as an adenosine nucleoside, but its 
structure has not yet been establidied beyond question. Along syn- 
thetic lines there have been only two studies on sugars in which the 
thio group is non-glycosidic, that of Freudenberg on 3-thio- and 3-thio- 
methylglucose, and that of Raymond on certain sugars in which the 
thiomethyl group was substituted for the primary hydroxyl. 

In the first of these investigations, diacetoneglucose was converted 
to the xanthogenate, which was methylated, isomerized by heating, 
hydrolyzed to the thiodiacetoneglucose, and rc-methylated to thio- 
methyldiacetoneglucose. Acid hydrolysis removed the acetone groups, 
giving the free thio- or thiomethylhexose: 


CijHuOsOH ■ > CisHuOsOCSSNa — - > CisHmOsOCSSCIIs 

Diacetoneglucose 


Heat 


_ ^ NH 4 OH 

CiaHigOfiSCOSCHa > 


C 12 H 19 O 6 SH 


Cllal 


CiaHwOfiSH 


Hydrolysis 
> 


CbHuObSH 


Cl2Hi90BSCir3 

3-Thiomethyl- 

diaoetoneglucose 


C12H19O bSCHs 


Hydrolysis 


> CeHiiOBSCHa 


In the second research, 3,5-anhydromonoacetonexylose and 5,6- 
anhydromonoacetoneglucose were heated with the sodium salt of the 
appropriate alkyl mercaptan. The anhydro ring was thus opened by 
addition of the mercaptan, which apparently became attached to the 


terminal carbon. 

R 

1 

R 

R' 

R' 

1 

CHiSH 

1 

HOCH 

1 

1 

“r>o 

cHy 

I 

CsHfiSH HCOH 
^ 1 

0<^HTOH 

HCOH 

1 

- CHjSCjHs 

^C3H* 

3,5- Anhydro* 
monoaoetonezylose 

1 

OH 2 SCJU .8 

6 -Thiomethyl- 

monoaoetonexylose 

5,6-Anhydro- 

xnonoacetoneglucose 

6 -Thio 6 thyl- 

monoaoetonei^ucoBe 


In each of these investigations it was assumed, without experimental 
confirmation, that Walden inversion had not occurred, and that the 
thio compound had the configuration of the original sugar. 
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Amino Sugars. The amino sugars ^ are rather widely distributed 
in nature^ particularly as constituents of muco- and other proteins, and 
of the polysaccharide, chitin. All the naturally occurring amino sugars 
are hexoses, and the amino group is invariably on the second carbon 
atom. Inasmuch as at the present time there is no direct method of 
establishing the point at which a Walden inversion occurs, the con- 
figuration of these compounds cannot be definitely stated. However, 
on the basis of indirect evidence there seems to be general agreement that 
chitosamine has the configuration of d-glucose,^^ epichitosamine that of 
d-mannose, and chondrosamine that of d-galactose. The synthesis of this 
group of compounds has been effected by adding ammonia and hydrogen 
cyanide to the appropriate pentose, hydrolyzing the product to the acid, 
separating the two epimers, converting to the lactone, and reducing to 
the aminohexose: 


CHO 

(inoH), 

djHjOH 


CN COOH 

djHNH, H(!:NH, 
(djHOH), ' (<!)H0H), 
^HjOH ^HjOH 


COOH CHO 

HJI^in H^NH, 

((!:hoh). (inoH), 
(IjhjOh injOH 


CHO 

Hjwin 

(inoH), 

^HjOH 


In this way all eight possible 2-ammo-d-hexonic acids, but only four 
of the possible 2-amino-d-hexoses, have been prepared. 

A second method of synthesis, more limited in application, is the 
addition of ammonia to the 2,3-anhydro sugars (see below). In this 
way 2-aminomethylglucoside and 2-aminomethylaltroside have 
been obtained. The assumption as to the mechanism of the reaction is 
clearly stated by Peat and Wiggins and is that opening of the anhydro 
ring is attended by Walden inversion of only one carbon atom and that 
this is the carbon to which the entering substituent becomes attached. 
Thus, in the above cases, the intermediates were derivatives of 2,3- 
anhydromethylmannoside and 2,3-anhydromethylalloside, respectively: 


CHOCHs-n CHOCHa— , CHOCHa-n 

I NH. I I . t I 

O — HCNH2 O H( 


<r 


IH 


I 

HOCH 


fiCv 


CHOCHr-, 
o2^NH2CH O 


HCOH 


methyl* 


2-Amino- 

methY^uoo- 


2f3-Anhydro- 

methylallo- 

eide 


2-Amino- 



M For more direct evidence, see Haworth, Lake, and Peat, J, Chem, Soc., 271 (1939). 
Robertson, Meyers, and Tetlow, Nature, 142 , 1076 C1938) ; Robertson and MeyeiSi 
ibid., 148 , 640 (1939). 

» Peat and Wiggins, J. Chem. Soe., 1810 (1938). 

» Peat and Wiggins, ibid., 1088 (1938). 
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In many respects the amino sugars resemble the ordinary sugars. 
Benzylidene derivatives have been prepared as well as certain of the 
paitaacetates, oximes, semicarbazones, and phenylhydrazones. The 
acetobromo derivative of chitosamine has been obtained and mth phe- 
nols gives ordinary pyranosides, hydrolyzable by emul^. With methyl 
alcohol, however, the glycoside which is secured is abnormal in that the 
methyl group is extremely resistant to add hydrolysis and is not hydro- 
lyzed by emulsin.*® Further methylation of the glycoside ^ves a di- 
methylaminomethylglycoside, and this, on alkaline hydrolysis, loses 
methyl and amino groups and is converted to glucose. This series of 
reactions has been interpreted by assuming that the original methyl- 

I 0 1 

^ycofflde is really the cyclic compound CHjOHCHCHOHCHOHCHCH 

1 I 

CH,N-0 

which on methylation and hydrolysis loses the N(CH 3)3 group: 


CHjOHCHCHOHCHOHCHCH 


(CH,)jN-0 

^ CHjOHCHOHCHOHCHOHCHOHCHO (Glucose) 

+ 

(CHa),N 

This reaction is of threefold interest: first, because it has been used as 
a basis for postulating a structure for the polysaccharide chitin; second, 
because of its posdble relationship to the occurrence, in nature, of 
betaine, CHj — CO, and dmilar compoimds; and third, because it 


(CH,),N 0 

would establish, in the absence of any Walden inversion, the configura- 
tion of chitosamine. In this last connection it is interesting to see 
that precisely the opposite correlation (i.e., to mannose) results from a 
different series of reactions. Thus, if the same aminomethylglycodde 
used above is converted into the benzylidene derivative, and this then 
treated with nitrous acid in the presence of sodium nitrite to avoid 
excess acidity, the methyl and amino groups are simultaneously elimi- 
nated and a bem^lidenehexose results. Mild add hydrolysis removes 
the benzylidene group and mannose is secured. Since glucose reoilted 
in the former reaction it is evident that in one or the other a Walden 
inversion has taken place, and in the absence of supplementary data no 
eondusions as to configuration are posdble. 

*• &viaa and Hmd. lOS. 41 (1913). 
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Alihoa^ tiie only amino sogam found in nature have the amino 
group in position two, those in which it is in other pomtions have been 
prepared synthetically. Thus l-amiuo^ucose (gluooamine) has been 
obtained from glucose and alcoholic ammonia, and subsequently^ a 
general synthesis of the 1-aminoaldose derivatives was reported which 
involves simply dissolving the aldose in liquid ammonia and evapo- 
rating the excess solvent. On the basis of ^e -behavior of the oximes 
and hydrazones of the aldoses, it may be assumed that these compounds 
can exist both in ring and open-chain forms: 

I 0 1 

CHjOHCHCHOHCaiOHCHOHCHNH, 

or 

CHjOHCHOHCHOHCHOHCHOHCH=NH 

However, this problem has not been deeply explored. Another 1-amino 
sugar is the 1-aminofructose which was obtained by Fischer by reducing 
glucosazone with zinc dust and acetic add: 

RC(=NNHC6H5)CH==NNHC6H6 -♦ BCOCHsNHs 

Glucosasone l-AminofruotoBe 

In addition to these 1-amino sugars, hexosamines with the amino 
group in podtion three have been prepared synthetically. The first 
of these is obtained by treatment of 2-bromo-, 2-chloro-, or 2-tosyl- 
iS-methylglucoside with ammonia.^ In each case the amino group be- 
comes attached to carbon three, presumably through intermediate for> 
mation of an anhydro compound. The product was named “methyl 
epiglucosamine” by Fischer, althoi^ this nomenclature is unfortunate 
in that it indicates a 2-aminohexo8e, epimeric with glucosamine. This 
is quite erroneous as was shown by Levene and Meyer, who prepared 
the osazone and found that the amino group had been retained.^ 

It is evident that, in the above reaction, there is a possibility of 
Walden inversion either during formation of the ethylene oxide ring or 
in its opening by the ammonia, so that epi^ucosamine might have any 
one of four posable configurations. It was deduced by Freudenberg ** 
that the most probable one was that of altrose, and later opinions con- 
firm this. On the basis of the mechaiusm formulated above for the pro- 
duction of the 2-amino sugars from the 2,3-anhydro sugars, here the 

Muskat, J. Am, Chem. Soe., SS, 603 (1934). 

** Fucher, Bergmann, and So^tte, Ber., SS, 616, 630 (102()) ; Bodjroote, Haworth, and 
Hirst, J. Chem. Soe., 161 (1034). 

" Levene and Meyer, J. BM. Chem., 66, 221 (1923). 

** Freudenberg and Doser, Ber., 68, 294 (1026) ; fieudenberg, Burldiart, and Brantt 
Ber., 69 , 714 (1026). 
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intermediate must be 2,3-anhydromethyImannomde (formed from 2- 
tosylglucose by Walden inversion of carbon>two) which then adds 
ammonia with Walden inversion of carbon-three: 


-CHOCH, 


HCO-TIS 

I 

HOCH 


2>ToBylmethyl> 

glucoeide 


-CHOCH* 


I <I“ 


-CHOCH, 

1 


CH 

I 

2,3-Anhydr(y- 

methylmannoBide 


NH, 0 HOCH 


HCNH, 


I 


3-Aminomethyl 

altroBide 

(methyl epiglucosamine) 


In amilar fashion 3-aminomethylglucoside has been obtained by 
action of ammonia on 2,3-anhydro- and on 3,4-anhydromethylallomde. 


-CHOCH, 


O 


HC/ 

1 

HCOH 


-CHOCH, 


NH, o 


HCOH 

1 

NH,CH 

1 

HCOH 


-CHOCH, 


NH. o 


HCOH 

I 

HCv 

l> 

HC/ 


An interesting peculiarity of epiglucosamine is the behavior of 
its glycoside on attempted acid hydrolysis. Fischer and co-workers 
considered the glycoside to be non-hydrolyzable, even with rather strong 
add, as no reducing sugar was secured. This view was corrected by 
Levene, who showed that the methyl group was split off in the usual 
fashion, but that the free sugar underwent spontaneous loss of water, 
forming a non-reducing anhydro sugar in which the amino group was 
retained. The structure of this anhydro amino sugar has not been 
eluddated. 

By the action of ammonia on 3-tosyldiacetoneglucose, Freudenberg 
obtained a 3-aminohmcose which was not identical with epiglucosamine. 
Here the reaction appears to be confined to carbon atom three, with 
no anhydro formation, and the only uncertainty concerns the occur- 
rence or non-occurrence of Walden inverdon. In the former case the 
product would be 3-aminoallose, and in the latter 3-ai^oglucose. 
Although indirect evidence suggested that the former was the correct 
configuration, the most recent opinion^” is that it is more probably 
S-eminoglucose. 

Two 6-aminohexoses have also been synthetically prepared: those of 
glucose and of galactose. Th^ result upon treatment of the 6-halogeno- 
or 6-toeylhexose (usually an acetone derivative or the glycodde) with 
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ammonia.^ Since in this series the reaction is confined to a non-asym- 
metric carbon there is no possibility of Walden inversion and the con- 
figuration of these sugars can be stated with certainty. 

Brief mention may be made in this connection of lactoflavin, which 
is one of the components of the vitamin B complex. This interesting 
substance has been shown to be a derivative of 1-amino-d-ribitol and 
not only has it been synthesized but so have several isomeric derivatives. 
In the flavin the amino group of the sugar forms a part of an isoalloxazin 
nucleus. It has been found that substitution of d- or ^-arabinose for 
d-ribose reduces the biological activity, while the d-xylo derivative is 
inactive. 

Before leaving the amino sugars it is necessary to mention one of 
their most interesting reactions, that with nitrous acid. In one of the 
examples cited above, treatment with nitrous acid produced the usual 
conversion of an amino to a hydroxyl group, and a hexose resulted. 
This is not generally true, however; more often there is a simultaneous 
loss of water and anhydro sugars are formed. These products will be 
more fully discussed in a later section devoted to the anhydro sugars 

DERIVED SUGARS 

From the amino sugars attention may be turned to a group of sub- 
stances which are important for their chemical as well as for their bio- 
logical associations. They are derived from the monoses by removal 
of the elements of water, or an oxygen atom, or both water and an 
oxygen atom. Their relationships may be indicated as follows: 

Formed FROM Monoses Ethtlenic Linkage 
Product by Elimination of in Product 

Anhydro sugars H — OH None 

Glycoseens H — OH One 

Glycols HO — OH One 

Desoxy sugars O None 

Anhydro Sugars. The anhydro sugars, as indicated above, may 
be considered as being derived from the monoses by elimination of the 
elements of water. 

CeHi206 H 2 O — ► CeHioOs 

However, in the reaction an internal ether is formed, and this new ring 
might be, a priori, between any two carbon atoms. Actually a great 
variety of anhydro rings have been reported, covering all the possible 
forms from ethylene oxide to hexylene oxide. 

** Fischer and Zach, Ber,, 44, 132 (1911) ; Ohle and v. Vargha, Ber., 61, 1207 (1028). 
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In the ethylene oxide series the 1,2-aDhydro derivatives have been 
given the special name ee-{^ycosans by Pictet,^ who prepared them by 
heating the sugars under reduced pressure to eliminate the elements of 
water. Th^ were reported by these workers as being reasonably stable, 
and could in fact be crystallized from methyl alcohol. A reaction which 
was claimed to prove their structure was the addition of methyl iodide 
to form substances which were apparently 2-iodomethylglycoffldes. 

Derivatives of this ethylene oxide type are presumably the interme- 
diates in the oxidation of i^ycals (see below) by peracids. When glucal is 
treated with moist perbenzoic acid the major product is mannose; with 
dry perbenzoic acid followed by methyl alcohol the product is largely a 
methylmaimodde. The reactions are presumably the following: 

, jHOH 

I I 

0 CHOH 

1 I 

I — CHOCHs 

r I 

O CHOH 



In view of these results, the relative non-reactivity of the o-glycosans 
described by Pictet is surprising. Brigl,*^ however, has synthesized an 
acetyl derivative in the following maimer: 


|— CHOCOCH, r— CHa 


0 inococH, 
* inococH, 


/S-Qlucose 

l)entaaoetate 


PCU 


O iHOCOCCl, 
* inococH, 


2«Triohloroaoetyl> 

triacetyl- 

l-ohlorogluooae 


NHs 


(^CHCl 

I 


IHOH 
(HOCOCH, 


NHg 


Triaoetyl-l-ohloro- 

glucose 


rx> 

* inococH, 


Triaoetyl-1 ,2-anhy- 
drohezoae 


This derivative exhibits the expected reactivity, the anhydro ring being 
readily opened by various reagents, such as methyl alcohol and acetic 
anhydride. To explain the difference in reactivity between this sub- 
stance and Pictet’s a-^ucosan, it has been assumed that the latter is 1,2- 
anhydroglucose and that Brigl’s compound and the glucal intermediate 
are 1,2-anhydromaimose. 

Ck the other possible ethylene oxide derivatives, 5,6-anhydro- 
monoaeetoneglucose is the best known, being easily prepared from the 

** Pictet and Castan, Chim. Aeia, 9 , 645 (1920) ; Compt. rend,, 171, 243 (1920). 

Brigl, Z. phynol. Chern,, 116, 1 (1921). 
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6-to8yl derivative by carefvil treatment with sodium inethoxide. The 
ring is a little more difficult to open than that in the 1,2-anhydro com!> 
pound (of Brigl), but additions may be effected without mudi trouble. 
6-Methylglucose is formed with sodium methoxide, &-aminoglucose 
with ammonia, 6-thiomethylglucose with sodium methyl mercaptan 
(CHsSNa), and apparently two substances with acetobromoglucose. 

These reactions may be indicated as follows: 


CHGl* ** 


CHOH 

I CHiOH 

CHjOCHs < 



CHjSCHs 



NH, 


CHOH 

I 

CHjNHj 


CHjBr 


BrGl* 



A fact of considerable theoretical importance is that the d,6-anhydro- 
glucose derivative, on alkaline hydrolysis,^* gives a mixture of glucose 
and idose, but on acid hydrolysis only glucose. In this connection may 
be mentioned the interesting observations of Levene and Walti, who 
found that acid hydrolysis of optically active propylene oxide gave an 
excess of one optical isomer, but that on alkaline hydrolysis the opposite 
form predominated. 

A further series of ethylene oxide sugars are the 2,3-anhydro sugars 
which have already been discussed imder the 2 - and 3-amino sugars, 
for which they act as intermediates. Robertson “ found that appropriate 
derivatives of 2-toQdglucose could be converted to a 2,3-anhydroman- 
noside and of 3-tosylglucose to the 2,3-anhydroalloride, the reaction in 

* "(H” h used here as an abbreviation for the tetraaoetjdaJueose radical, and “BrQl" 
for aoetobromoglttoose. 

** Ohle and von Yaisha. Ber., tt, 2426 ( 1929 ). 

** Bobertson and Griffith, J. QKm. Soe., 1193 (1986), 
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eaeh case being attended by a Walden inversion of the carbon atom to 
whidi the tosyl residue was originally attached: 


6 


-CHOCH, 

HCOTIS 

I 

HOCH 


-CHOCH, 


/CH 


-CHOCH, 

O 

HCOH 

I 

TISOCH 


r 

0 


GHOCH, 



2-To8yl- 2,3-Anhydro- 

glucoside mannoBide 


3-Toflyl- 2,3-Anhydro- 

gluooBide alloside 


The rule, stated by Ohle and Schultz *® and substantiated by the 
work of Muller,® is that ethylene oxide rings are formed only if the 
hydroxyl and sulfonyl groups are trans. 

Peat and Wiggins,'* in addition to the above products from the 
3-tosylglucoside, also obtained a 3,4-anhydroaIloside and a 3,6-anhydro- 
l^coside. In the former case a Walden inversion has again occurred 
but in the latter it has not. Ohle and Wilcke,® however, interpret the 
reaction as taking place in two steps, Walden inversion occurring in 
each step: 


CHOCH,— 1 

CHOCH, 

CHOCH, 

1 

HCOH 1 

1 

HC\ 

|>0 ( 

HC/ 1 

HCOH 

0 

1 

TISOCH 

1 1 CH 

HCOH 

hCoh 

0 HCOH 

HC- 

HC- 

HC- 

Ch,oh 

CHsOH 

i CH, 

3-ToBylglucoBide 

2,3>Anbydro- 

alloBide 

3,6'Anhydro> 

glucoside 


Robertson ** has also described the formation from galactose of two 
2,3-anhydro compounds, but their configurations have not been es- 
tablished. 

Analogoudy to the addition of ammonia, the ethylene oxide sugars 
react with sodium methoxide to form methyl ethers, with anhydrous 
hydrogen chloride to give chloro sugars, or with aqueous alkali to intro- 
duce hydroxyl groups. For example the conversion of glucose to galac- 
tose, suggested by ]^binson (p. 1608) as perhaps occurring enzymically 
throu^ an intermediate ester, has actually been accomplished. Treat- 
ment of 2,3-dibenzoyl-4-tosyl-6-triphenylmethylglucose with alkali gives 

"Ohle and Schultz, Ber., 71, 2302 (1938). 

» Mtkller, Mdrioz, and Verner, Ber., 71, 746 (1930). 

« Ohle and Wflcke, Ber., 71, 2316 (1038). 



CARBOHYDRATES H 


1621 


a 3,4ranbydro derivative, and this on acid hydrolysis gives a mixture of 
d-glucose and d-galactose.” In similar fashion monoacetone^tosyl- 
fructopyranose can be converted to a 3,4-anhydro derivative which with 
sodium methoxide gives d-sorbose, or with sodium hydroxide, a mixture 
of d-sorbose and d-fructose. 

Of the propylene oxide anhydro sugars only two have been described. 
One of these is 2,4-anhydroglucose, formed by a complex reaction on 
treatment of l,6-anhydrogluco8e with concentrated hydrochloric add, 
and the other is monoacetone-3,5-anhydroxylose, formed from mono- 
acetone-5-tosylxylose with sodium methoxide. 


CH 1 CHO 



1,6-AnhydroglucoBe 2,4-Axihydrogilucofle Monoacetone-5- Monoacetone-3y6- 

tosylxylose anbydroxylose 


In each of these the ring is relatively unstable; the first can be hydro- 
lyzed with dilute add to glucose, while the second adds sodium me- 
thoxide or sodium methyl mercaptan to form 5-methyl- and 5-thiomethyl- 
monoacetonexylose, respectively. 

The most stable anhydro rings are the butylene oxide type, the 2,5- 
and the 3,6-anhydro sugars in the hexose series. As previously men- 
tioned, these result on treatment with nitrous acid of the 2- and 3-amino- 
hexoses, elimination of water being spontaneous. It has been proved by 
Levene that the substance thus formed from epichitosamine is 2,5-an- 
hydroglucose whereas that from chitosamine is 2,5-anhydromannose. 
This proof consists in an experimental determination of configuration, 
entirely analogous to that used for the monoses themselves, and involves 
no condderations of Walden inversion. 

In addition to this method of formation, the 3,6-anhydro compounds 
have also been secured by removing the elements of hydrogen bromide 
from the methyl-fi-bromoglycosides by treatment with lAkali. In the 
case of glucose the product thus prepared is not identical with that ob- 
tained by deaminizing epiglucosamine, but appears rather to be epi- 
meric. 

** Oldham and Robertson. Chem. Soc,^ 685 (1935). 
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•O&e aS the 3,6>aiihydro^uoo8es has been hydrolysed by dilute adds, 
I^UGoee being r^^erated, but the 2,5-anhydro rings are so stable that 
didr hydrolyds has not yet been accomplished. 

A substance which may be conddered as being both a butylene and an 
amylene oxide is the extremely interesting compound prepared by Hess 
and Neumann.** They treated 2,3,6-trunethyl-4-tosyl^ucose with 
alkali, the tosyl group was eliminated, and a l,4*anhydro compound 
resulted, ^ce the original 1,5-ring is retained, the product is simul- 
taneously a furanose and a pyranose. Interestingly, on treatment with 
hydrobromic acid, the rin^ are opened, the methyl groups are split 
off, and there is a simultaneous Walden inversion on the Mth carbon, 
giving rise to 2-idose. 


CHO CHO 

1 I 

HCOH HCOMe 

I I 

HOCH MeOCH 

I I 

HCOH Hcons 

I I 

HCOH HCOH 

I I 

CH,OH CHiOMe 

<i-Qlueose 


O 


-CH- 


HCOMe 

I 


O 


MeOCH 

HO— 




HC * 

I 

CHgOMe 


CHO 

I 

HCOH 

I 

HOCH 

HCOH 

I 

HOCH 

I 

CHjOH 

Mdow 


The best known of the 1,6-anhydrohexoses is the levoglucosan ** oi 
Pictet, prepared by destructive distillation of starch or other polysac- 
charides imder reduced pressure. The compounds belonging to this 
series may also be prepared synthetically ** by adding trimelhylamine 
to the acetobromo derivative and then hydrolyzing with alkali, whereby 
the acetyl groups and the trimethylammonium group are split off and 
the 1,6-anhydro derivative is secured. 


r—CHBr 

1 

— CHN(CH,),Br ] 

[— CH 1 

j 

CHOAc 

I 

<!)HOAc 

1 

CHOH 

j 

^ CHOAc (CH»)|N , 

O 1 \ 1 

CHOAc Alkaline 

J 1 > ( 

CHOH 

1 o 

I * V 

j CHOAc 
*— CH 

1 CHOAc hydrolysis 

Uh 

1 CHOH 

Uh 

ft 

J 

^HfOAc 

in. 


O + (CH,).NHOH 


••Hem and Naumaim, Ber., «8, 1360 (1035) ; 73, 137 (1980). 

** Pietet aod Stumin, H«l». Chun. Aela,, 1, 87 (1018) ; Piotet and Crainar, <Md., 8, 640 
(1920). See, also, Tanret, BuU. toe. chitn., [3] 11, 940 (1804) and Vonaerichten and 
MOUer, Per., 80, 241 (1006). 

*• Micbe^ Ber., 61, 687 (1020) ; Katrer and Smirnoff, Belt. Chim. Aela., 4, 817 (1021). 
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Opening of the 1 , 6 -riDg may be effected by various teagmts, for 
sample by acetyl bromide, producing triacetyl- 1 , 6 -dibromogluco 8 e, 
which in turn may be converted to the glycoside for use in various 
syntheses. 


r— CH 1 

CHBr~- ■ 1 

CHOMe-, 

CHOH 

CHOAc 

CHOAc 

CHOH 

6 0 

CHjCOBr ^OAc 6 

1 

CHOAc 0 

1 

CHOH 

CHOAc 

CHOAc 

Ch- 

1 

CH 

Ch- 

*— CH» 

1 

CHaBr 

CH»Br 

,6>Anhydro|^uoo8e 

Triftoetyl-1,5- 

dibromogluooie 

Triacetyl>6-bromo- 

^methylglyooaida 


Glycoseens. The glycoseens differ from the anhydro sugars in that 
a double bond is formed during the elimination of the elements of wat^ 
from the aldoses. The two best-known t3rpe8 are those with the double 
bond between carbons one and two, or between carbons five and six. 
The 1 ,2-glycoseens are prepared ” by reacting the acetobromo sugar (I) 
with diethylamine, whereby hydrogen bromide is eliminated and tetra- 
acetyl-l, 2 -glycoseen (II) is formed. 


I 

CO 


1 — CHBr 

r— CH 

II 

|— CH r 

I 

CHOAc 

li 

COAc 

COH 

I 

0 CHOAc ( 

1 

) CHOAc ( 
1 

1 

CHOH 0 

1 

CHOAc 

1 

1 

CHOAc 

1 

1 

CHOH 

1 

1 

1 — CH 

1 

L— CH 

1 

L—CH L 


I 

CHOH 
•— CH 


CH2OA0 

1 


CHiOAc 

II 


CHsOH 

m 


CHsOH 

IV 


This will be seen to be the acetate of an enolized l, 5 -anhydro- 2 - 
ketohexose (III) and might be expected to revert to the keto form (IV) 
on deacetylation. Actually, on attempted deacetylation no definite 
substance has been secured, and reacetylation of the product thus ob- 
tained does not give the original acety^ucoseen. With pheigrlhydra- 
zine, however, the product is apparently 

r I 

CHsCC- NNHC,H»)C(— NNHC,H,)CHOHCHCHsOH 

** Maurer and Maim, Btr., 60, 1316 (1927) ; Maurw, Bar., 61, 332 (1929). 
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which is the “osazone” of IV.** It is of interest that treatment ol 
tetraacetyl-l 92 -glucoseen with excess alkali, and back titration with 
acid, as in an acetyl determination, uses five and not four equivalents 
of alkali. 

TetraacetyH,2-glucoseen reacts with chlorine, giving a crystalline 
compound which decomposes spontaneously. However, the chlorine 
may be removed by immediate hydrolysis with moist silver carbonate 
and there then results the acetate of glucosone hydrate.®* 

I II 1 I /Cl I I /OH 

O COAc O CC O C< 

I I NdAc I I ^OAc 

CHOAc CHOAc CHOAc 

I 11 I I 

This acetate is readily converted with acetic anhydride and pyridine 
to diacetylkojic acid. Owing to loss of configuration this same product 
may be similarly prepared from tetraacetyl-l,2-galactoseen (through 
galactosone hydrate). 


CHOH— 

I ^OAc 

AcOCH 6 


CH 1 

COAc 
CO O 


CHOH— 

I /OH 

?<0.c 

AcOCH O 


HCOAc CH AcOCH 

I 

HC- HC 


CHjOAc CHsOAc CHsOAc 

Tetraacetylglucosone Diacetylkojic Tetraacetylgalactosone 

hydrate aad hydrate 

Kojic acid is of biological interest as it is formed in appreciable amounts 
by the action of many molds not only upon hexoses but also upon pen- 
toses, trioses, glycerol, and other substances, 

Tetraacetyl-l,2-glucoseen has been used by Zervas to establish the 
structure of styracitol. Hydrogenation of the glucoseen, using a pal- 
ladium catalyst, and hydrolysis of the resultant tetraacetyl derivative 
produced styracitol which was therefore assumed to be l,^anhydro- 
sorbitol. However, the configuration of carbon atom two is not es- 
tablished by this synthesis, and later evidence indicates styracitol 
to be 1,5-anhydromannitol. 

Beiipnann and Zervas, Ber., 64 , 1434, 2032 (1031). 

** Maurer, Ber., 68 , 25 (1030) ; Maurer and Milller, Bsr., 63 , 2060 (1030). 

^Zervas, Ber., 63 , 1680 (1030). 

Freudemberg and Rogers, J, Am, Chem, Soc,, 69, 1602 (1037). 

^ Zervas and Papadimitriace, Ber.« 73, 174 (1040). 
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— CH 

ii 

COAc 

I 

CHOAc 

0 I 

1 CHOAo 

I 

*— CH 


<H) 

OM) ^ 


CH20Ac 


CHOAo 

I 

I CHOAc Hydrolysis 

0 I > 

CHOAc 

I 

I— CH 

I 

CH*OAc 


I 

CHOH 

I 

CHOH 
O 1 
CHOH 

I 

— CH 

I 

CH*OH 


Tetraacetyl>l,2-gluoo8oen Dihydrotetraacetylglucoaeeii Styradtol 

Related to 1,2-glucoseen is dfi-^glucoseen. This is most easily pre- 
pared by reacting the 6-bromo or 6-iodo compound with silver fluoride 
in pyridine solution although it is also one of the products of the reaction 
of G-tosyh'sodiacetoneglucose and alcoholic ammonia." 




Ah. 


Jsodiacetone- 

5y6-glucoseeii 


r-CHOMe 

1 

r~CHOMe 

CHOAc 

inoH 

1 

O CHOAc 

6 CKOK 

1 

1 CftHfiN 

CHOAc 

(bn 

j 

1 CHOH 

CHaX 

Ah, 


6-Halogeno> Methyl-5,6* 

methylglucoeide gluooaeenide 


Like the 1,2-glucoseen it may be considered to be an enol, stabilized 
by the internal ether ring. Upon acid hydrolysis the ring is destroyed 
and the product ketonizes, giving a 5-keto-6-desoxyhexose, isorham- 
nonose. Similarly, diacetone-5, 6-galactoseen on acid hydrolysis gives 
the isomeric fuconose." 


CHjOCH , 


CHaOCH— 

CHO 

CHO 

HCOH 


HCOH 

1 

HCOH 

1 

HCOH 

1 

HOCH 

1 0 
HCOH 

1 

AgP 

1 

HOCH 

1 

Add HOCH 

1 

HOCH 

CiHtN 

HCOH 

1 

■ hydrolysis' 

j 

HCOH 

1 

1 

HC- 


1 

p 

j 

COH 

II 

CH, 

5,6-01ueo8eeii 

1 

CO 


II 

CH, 

Methyl-5,6- 

glucoeeenide 

j 

CHiS 

C-HsIobsiuh 

msthylglaooside 


j 

CHs 

leorham- 

nonose 

Helfericb and Himmen, Ber., 61 , 1825 (1928) ; Oble and v. Vargha, Ber., 62 , 2425 
(1929). 

^ Helferich and Himmen, Ber., 62 , 2136 (1929) ; Ohle and Deplanque, Ber., 66 , 12 


(1933). 



1626 


ORGANIC CHEMISTRY 


-CHO 

HCO' 





Add 

hydrolysis' 


CHO 

I 

HOOH 

I 

HOCH 

I —*■ 

HOCH 


CHO 

HCOH 

I 

HOCH 

I 

HOCH 


CH, 

Biaoetone-5,6-«alactoseen 


COH 

CO 

1 

CH* 

1 

CH, 


5,6-Qalaotoseeii Fueonose 


In addition to the intrinsic interest of a reaction of this type, a further 
significance attaches to it in connection with the alkaline rearrangements 
which will be considered later and which involve internal oxidations 
and reductions. It was also recently suggested " that this reaction 
might be used to distinguish between furanohexosides and pyrano- 
hexosides as the former should give a keto compound immediately 




■CH 

l-CH 

■-CH 

CHOH 

COH 

CO 

1 

CH,X 

CH, 

1 

CH, 


whereas the latter could do so only after hydrolysis, as indicated above. 
Experimentally, however, it was found that appropriate furanosides 
of both mannitol and glucose failed to react with silver fiuoride in 
pyridine, and no further evidence along this line has been obtained. 

A final reaction of 5,6-glucoseen which may be noted is its oxidation 
with lead tetraacetate to a derivative which hydrolyzes in water and 
^ves a 5-ketohexose: 


i—CHOMe 

1 — CHOMe 

CHO 

CHOAc 

CHOAc 

CHOAc 

1 

6 CHOAc 

6 CHOAc - 

CHOAc 

1 

CHOAc 

1 

j 

CHOAc 

1 

CHOAc 

1 

>— C 

1 

1— COAc 

1 

CO 

CH* 

1MaoetyI-S,C.a.tb,l- 

tfueniwmW. 

j 

CJH*OAc 

CH*OAc 

TrtnMetyl- 

S^nUihaow 


MaUer, Bar., 66, 1051 (1032). 

**HeIferioh uid Lang, J. prakt. Chem., ill, 321 (1932). 

” HeUeiidi and Bigdoir, Z. pkytiol^ Ck«m., 300, 263 (1031). 
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Evidence for the ocmfiipimtion of st^rradtol was obtained " by its 
conversion to what might be considered a 5,6-glycoseen. Styradtol was 
converted, through the to^l compound, to the tribenzoyl-6-iodo deriva- 
tive. This was unsaturated with diver fluoride in pyridine, and the 
resultant product was oridized with lead tetraacetate, analogously to 
the reactions above. Hydrolysis with sodium methoxide yielded d-fruo- 
tose, isolated as the osazone. This establishes the configuration of 
styracitol as being that of mannose rather than of glucose. 

CHj — I CH* — 1 CH; 


HOCH 

I 

HOCH O 

I 

HCOH 

I 

HC 

CHjOH 

Styradtol 

CH, — , 
H 

1 

BzOCH O 

I 

HCOBz 

1 

C— 

CHt 



BzOCH BzOCH 

I I 

BzOCH O BzOCH O 

I I 

HCOBz HCOBz 

1 I 

HC 1 HC 1 

1 1 

CHsOTlS CHjJ 


CH* — I 
BzOCH 

I 

BzOCH O 

1 

HCOBz 

I 

AcOC < 

■ I 

CH*OAc 


CH,OH 

I 

HOCH 

i 

HOCH 

I 

HCOH 

I 

CO 

1 

CHsOH 

d-Fruotoae 


In addition to the 1,2- and 5,6-glycoseens, one example of the 5,4- 
glycoseem has been described. This was formed as a by-product in the 
reaction of S-tosyldiacetoneglucose with hydrazine. Althou^ its struc- 
ture has not been confirmed, it appears to be diacetone-3,4-gluco8een. 



(CH,). 



(CH,), 
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thus providing an additional example of this interesting group of sub- 
stances. 

Glycals. The glycals are unsaturated derivatives, formed by re- 
duction of the acetobromo compounds with zinc in acetic acid, followed 
by hydrolysis of the acetyl groups.^* They differ from the parent 
aldose in having lost an oxygen atom and the elements of water, while 


a double bond has appeared. 

r— CHBr 

1 — CH 

r— CH 

CHOAc 

CH 

CH 

1 

0 CHOAc 

1 

6 CHOAc 

1 

6 CHOH 
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CHOAc 

1 

I 

CHOAc 

1 

1 

CHOH 

1 

1— CH 

1 

-CH 

, 1 

^CH 

CH,OAc 

Bromo- 

tetraacetylhezose 

1 

CHzOAc 

Triacetylglycal 

1 

CH 2 OH 

Glycol 


With glucose, it has been shown that this series of changes is unaccom- 
panied by a shift in ring,^® for methylation of glucal, oxidation with 
parbenzoic acid, further methylation, and hydrolysis give ordinary 
tetramethylglucopyranose (p. 1555). 

I — CH r— CH r— CHOH f— CHOMe r— CHOH 

CH CH CHOH CHOMe CHOMe 

I I I .... 

O CHOH O CHOMe O CHOMe O CHOMe O CHOMe 

I • I • I ■ 

CHOH CHOMe CHOMe CHOMe CHOMe 

I I I I I 

I — CH ' — CH — CH ' — CH -CH 

III.. 

CHjOH CH*OMe CHjOMe CHgOMe CH*OMe 

Glucal Trimethyl- Trimethyl- Pentamethyl- Tetramethyl- 

glucal glucose glucose glucopyranoae 

The oxidation of the glycals with perbenzoic acid is one of the most 
interesting reactions of this group of compounds. Apparently a mix- 
ture of the two epimers is invariably formed: 

I — CH I CHOH ( CHOH 

r II I I I I 

O CH -» O HCOH + O HOCH 
CHOH CHOH CHOH 

^ Fiflcbefr, Bar., 47 , 196 (1914) ; Bergmann and Schotte, Bar., 64 , 446 (1921) ; Bergxnann 
and Freudenberg, Bar., 68, 2783 (1929). 

^ Hirst Woolvin, Chem* 3oe,, 1131 (1931). 
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but the proportions of the two may vary widely,®^ and the condition- 
ing factors are not well understood. Thus with glucal and rhamnal, the 
products are almost exclusively mannose and rhamnose, whereas with 
galactab although talose predominates, much galactose is formed. 
Moreover, substitution of glucal in position three may change the pro- 
portions enormously, for the glucose derivative predominates on oxida- 
tion of triacetylglucal and 3-methylglucal, and trimethylglucose is the 
principal or perhaps only product from trimethylglucal. 

The mechanism of this oxidation with perbenzoic acid has not been 
fully established. As mentioned, the oxidation of glucal in the presence 
of moisture leads to the production of mannose. In the absence of 
moisture, however, if the intermediate product is treated with methyl 
alcohol, a-methylmannoside is formed, and in similar fashion a-methyl- 
rhamnoside is formed from rhamnal. This indicates the intermediate 
occurrence of a 1,2-anhydro sugar, but isolation of a compound of this 
nature from the reaction mixture has not yet been achieved. 
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O CH 
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CHOH 
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O CHOH 


It might be expected that triacetylglucal (I) with perbenzoic add 
would give a compound identical with that (II) prepared by Brigl (see 
1,2-anhydro sugars, p. 1618). 

-CH. — CH 


I — CHCl 

I 

CHOH 

, I 

0 CHOAc- 

I 

CHOAc 

I 

I — CH 

I 

CHsOAc 


I >0 

CH^ 

O CHOAc 

I 

CHOAc 
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I — CH 
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Interestingly, however, the major substance which is isolated from this 
oxidation is l-benzoyl-3,4,6-triaoetylglucose (III), althouf^ other glu- 
cose and mannose derivatives are simultaneously formed. 

Bergmann and Schotte, Ber.t 64 , 440 (1921) ; Tanaka, BvU, Chem* 8oc» Japan^ 
5, 214 (1930) ; Levene and Raymond, J. Biol, Chem.^ 88, 513 (1930) ; Hirst and Woolvin, 
J, Chem. 8oe.t 1131 (1931) ; Levene and Tipson, J, Biol, Chern,, 98 , 631 (1931). 
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Other reactions of the glycals have to do with their isomerization. 
Thus when triacetylglucal is boiled with water, diacetylpseudoglucal 
is formed, and this, on hydrolysis with barium hydroxide solution, by an 
elaborate rearrangement gives isoglucal, and in lesser amount, pro* 


toglueaJ.® 
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L— CH, 
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Diacetylpseudoc^ueal 

Isogluoal 

Protof^uoal 


Protoglucal reduces Fehling’s solution, and its presence in traces is 
probably responsible for the original erroneous report that glucal is a 
reducing substance. 

The glycals may be oxidized by ozone to give the corresponding 
aldose of one less carbon atom, which incidentally proves the position 
of the double bond, or they may be hydrogenated to the hydroglycals. 
Halogens may be added to triacetylglucal to give a mixture of two 
epimeric acetohalogeno-2-halogenohexoses which have proved useful 
for certain syntheses. 
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The addition product with hydrogen bromide appears to have the 
bromine in the 2-position instead of in the l-position.**^ 

•iBergmaim and Freudenberg, Ber., 64, 158 (1931). 

** Fbioher, Bergmann, and Sobotte, 88, 817 (1920)* 
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0 CH 


CHOAc 


DHt 


r? 

0 CHBr 


CHOAo 


This is unfortunate as otherwise the acetobromo derivatives of the 
2-de8oxy sugars would be easily available, and should prove useful for 
synthetic work. 

Deso:i7 Sugars. This series owes its name to the fact that one or 
more CHOH groups have been deprived of an oxygen atom and con- 
verted into CHg. Desoxy sugars from several natural sources have 
been described; of the S-desoxy sugars, the only one which occurs natu- 
rally is 2-de80xyribose (arabinose), which has been shown to be the 
sugar component of thsnmus nucleic add. The synthetic preparation of 
the series has been achieved from the glycals in two ways. In one of 
these the 2-halogenoaldoses described above are reduced, and in the 
other water is added directly to the glycal, usually with sulfuric add 
as catalyst, as indicated: 


(—CHOH 


I— CHOCH, r— CHOCH, 


CAcid) 


OH 


n H r— CHBr , _ , ^ 

H ■» A AhB,2^A hsB. k 

i | I AgiO 
HOH CHOH 




IHOH 
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CHOH 


An interesting method for preparing the 2-deBoxygluconic adds is 
by means of an intramolecular oxidation and reduction which occurs 
when 2-chloroglucose (triacetyl- or trimethyl-) is heated with lead 
hydroxide: “ 

Fb(OH)t 

RCHClCHO RCH 2 COOH 

EaO 

Triaoetyl*2-ohlorogluoo8e 2-De8oxykluooiue acid 

A characteristic of the 2-desoxy sugars is their great reactivity. 
The pyranosides in this series, for example, are sometimes formed or 
hydrolyzed as rapidly as the furanoddes of the ordinary sugars. Thus 
far only one 1-bromo derivative has been prepared. Hie ready forma- 
tion of levulinic add from the 2-desoxypento6es on treatment with acid 
will be discussed later (p. 1638). 

A single S-desoxy sugar has been described as resulllDg from the 

'* Bergmum, Sdiotte, and Lesebinsky, Ber., 66, 1062 (1023) ; Gdurke and Aiohner, 
Ber., 00, 018 (1027 ) ; Levene and Mori, /. Btol. Chem., 83, 803 (1020) ; Levene, Mikeska, 
and Mori, ibid., 80, 785 (1030). 

Danilov and OakbokidM, J. Oen. Chem. (UJSJSJl.), 6, 704 (1086). 



1632 


ORGANIC CHEMISTRY 


catalytic reduction of diacetone-3, 4-glucoseen, but these structures have 
not been well authenticated. 

f— CHOv r— CHOv i— CHOv 
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Diacetone- 

S-deaoxygLucose 


A further series of sugars very widely distributed in nature are the 
niethyloses in which the terminal group is the desoxy. Although much 
work has been done in this series, it seems sufficient to indicate the syn- 
thetic method of their preparation, which is the reduction of a halogen 
attached to the terminal carbon. This is conveniently the iodide, in- 
troduced by replacing the tosyl group, although other halogens have 
been similarly reduced. 

As a t3rpical example of a synthesis in this series the preparation of 
d-xylomethylose “ may be cited: 
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^ Levene and Compton, J. Biol. Chem., Ill, 325 (1935). 



CARBOHYDRATES 11 


1633 


It ie posdble, of course, to have more than one carbon as a desoxy 
group, and the hydrogenation products of the glycals afford examples 
of this type of compound. Thus dihydroglucal is really 2-desoxystyraci- 
tol, and dihydropseudoglucal is 2,3-bisdesoxyglucose. 


r-CH r— CH* 

CH CH* 
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O CHOH O CHOH 
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Glucal 


2«De80xy- Diaoetyl* Diaoetyl- 

Btyracitol pseuduglucal 2,3-biBdo8oxygluco8e 


The naturally occurring digitoxose is, in fact, a bisdesoxy sugar, 

2- desoxyallomethylose (or 2,6-bisdesoxyallose), and cymarose is its 

3- methyl ether.®® Sarmentose and digitalose are another pair which occur 
as components of the cardiac glycosides. 

Ascorbic Acid — ^Vitamin C. The rapid and successful solution of 
the ascorbic acid problem, both as to structure and synthesis, constitutes 
one of the major achievements in the field of sugar chemistry, and on 
this account is deserving of special consideration. Inclusion at this 
point is justified by the fact that the vitamin is an unsaturated sugar 
derivative, and because the problems connected with it give valuable 
information in the field of these unsaturated derivatives. 

Szent-Gyorgyi had isolated from a number of vegetable and plant 
sources, as well as from suprarenal cortex, a “hexuronic acid,” which 
he considered to be associated with respiratory processes. Moreover, 
he had pointed out that the distribution of this substance paralleled 
that of vitamin C. Although Zilva claimed that there was no constant 
relationship between the antiscorbutic activity and the reducing prop- 
erty which was a characteristic of Szent-Gyorgyi's acid, this claim was 
disputed some years later by Tillmans and co-workers, who found that 
such a relationship did in fact exist. Szent-Gyorgyi and his co-workers 
next demonstrated for their crystalline material a definite antiscorbutic 
activity, and King with his collaborators independently and simultane- 
ously described a crystalline vitamin C preparation which had all the 
physical and chemical properties of the ‘‘hexuronic acid.”®^ After 


Windaus and Hermanns, Ber., 48 , 993 (1915) ; Elderfield, Biol, Chem,, l&l, 527 
(1935). 

For review of literature see Annual Review of Bioehemistry, Stanford University Press, 
Stanford University, Calif. (1934), Vol. II, chapter on vitamins. 
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further investi^tion it was at length agreed that tiiie two substanoes w^ 
identical. Szent-Gydrgyi was finally able to secure relatively large 
amounts of the add from Hungarian paprika, and it was thus made 
available for study. Intensive inv^tigations were dmultaneously 
undertaken in a number of laboratories, and in a surprisingly diort 
time the entire problem was solved. 

“Hexuronic acid,” or ascorbic acid as it was soon called, behaves 
chemically like an unsaturated monobasic acid. It has the empirical 
formula CeHgOe and contains one double bond. It gives a dimethyl 
derivative with diazomethane, which is a spedfic reagent for methylation 
of addic hydrogens. These facts are all adequately explained on the 
basis of the earlier formulas, given below, in which one of the addic 
hydrogens is that of the carboxyl group and the other is that of the 
tautomeric hydroxyl: 


COOH 
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Hirst, and 
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Micfaeel 
and Kraft 



:h,oh 

Karrer et al. 


Hirst, however, made the dgnificant observation that the dimethyl 
derivative dissolved in alkali without splitting off a methyl group,*^ and 
was thus led to the formula which is now accepted as correct: 



HOCH 


CHrf)H 

Ascorbic acid 

(2,3-Enadiol'4-g\ilono-l,4>lactone) 

The configuration was deduced from that of the oxidation product of 
ascorbic acid which was shown to be 2,3-diketo4-gulonic add, as well as 
from the fact that ozonization of ascorbic add and of its metiiyl deriva- 
ChemUfry A Indugfry^ 5t. 221 (1933). 
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tives gave t-threonic add aiid its methyl ethers. On the bads of this 
formula, ascorbic “add” is a highly stable lactone, whidi owes its 
addic properties entirely to an enolized keto group. It is of interest 
that, whereas ozonization of tetramethylascorbic acid, pr^red by 
furthCT methylation of crude dimethylascorbic add, gives a mhcture of 
3,4rdimethyl4-threonic add and the epimeric 3,4rdimethyl-{-erythronic 
add, if the dimethyl derivative is first isolated in crystalline form and 
then further methylated and ozonized, only the threonic derivative is 
secured. This is apparently due to further tautomerizations involving 
the fourth carbon atom. 

That the formula above was in fact correct was soon confirmed by 
a series of brilliant syntheses, of which the first was that of Ecichstein, 
Grfissner, and Oppenauer.** These authors started with the osone of 
d-xylose, and by addition of hydrogen cyanide, followed by hydrolysis, 
effected the synthesis of the enandomorphic d-ascorbic add. This 
method was then utilized by Haworth and co-workers,“* who started 
with 1-xylose and with somewhat modified procedure effected the syn- 
thesis of the naturally occurring 1-ascorbic add. Further studies on this 
method have revealed that the mechanism is apparently rather com- 
plex, the changes probably being as follows: 
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The first intermediate isolated is the crystalline cyclic imino com- 
pound (III), and this, on treatment with add, passes smoothly into tiie 
ascorbic add (IV). This type of sjmthesis is general, and a number of 
isomeric “ascorbic adds” have been prepared in this manner. 

The second important method of i^thesis of ascorbic add is also 
due to Bdchstdn,*^ who found that 1-sorbose (prepared from d^orbitol 
by the action of Acetobacter xylinum; and the d-sorbitol from d-j^uoose 
by catalytic reduction) forms a 2,3,4,6-diacetone derivative vdiich on 

** Reichstoiii, CMnner, and Oppenauer, Belt. Chim. Aeta, IS, 661, 1019 (1^3) ; 17, 
610 (1034). See, aleo, Haworth et al., J. Chtm. Soc., 1410 (1933) ; 62, 1192 (1034). 

•* Aah n at., J. Chem. Soe., 1419 ( 1033 ). 

** Reiohatm and OrOeaner, Hale. Chim. Aeta, 17, 311 (1034). 
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alkaline oxidation yields diacetone-2-keto4-gulonic add. Removal of 
the acetone groups by add hydrolysis gives the free add, and this on 
heating with water is transformed into ascorbic acid. A somewhat 
better preparation condsts in converting the free acid into its methyl 
ester and heating this with sodium methoxide in methyl alcohol, whereby 
the sodium salt of 1-ascorbic acid is secured. 
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The 2-keto-l-gulonic acid, which is an intermediate in this synthesis, 
was obtained more easily by Haworth,® who has found that direct oxi- 
dation of ketoses with nitric add leads to preferential oxidation of the 
primary alcoholic group adjacent to the keto group. In this manner 
ascorbic add was easily prepared from f-sorbose, and ef-araboascorbic 
add (the nomenclature refers the ascorbic acid to the parent aldose of 
one less carbon) from d-fructose. 

A totally different method of synthesis is due to Helferich and 
Peters.® Either aldoses or acetylated cyanohydrins may be employed, 

** Haworth, Nature, 184 , 724 (1934) ; Brit, Aeaoc, Advancement Sd, RepU, 295 (1934) 
**Halferich and Peters, Ber„ 70, 466 (1937). 
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and they are treated with glyoxyhc esters in alkaline solution. The 
method is novel in that the sugar chain is increased by two carbons: 
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A series of synthetic analogs has been obtained by these methods, 
and their physiological activity has been examined. Those prepared 
include the only possible four-carbon analog, one of the two possible 
five-carbon forms, all four of the possible six-carbon adds, and three of 
the eight possible seven-carbon adds. Many other analogs have been 
synthesized in an effort to correlate structure and biological activity. Of 
those above, the synthetic Z-ascorbic add has the same activity as the 
natural substance, as has its primary oxidation product; d-araboascorbic 
acid has a slight activity, and none of the others may be regarded as 
possessing any antiscorbutic activity: the 6-desoxy derivatives show 
appreciable activity, however. The generalization, made simultane- 
ously by Eeichstein and by Haworth,®* is that for antiscorbutic activity 
the fourth carbon atom must be of the d-series. It is of some interest 
that the imino compound (HI), though closely related to ascorbic acid 
chemically, is without activity. 

Of further importance in this fascinating field are the interesting 
substances reductone and reductic acid.®® 


CHOH=<JOHCHO 


Reductone 



CH*CH* 

Reductic acid 


The first of these is the enol of hydroxymethyl^yoxal, formed by action 
of alkali on various carbohydrates; the second is formed by action of 
dilute sulfuric add at high temperatures. Both are characterized by 
the same system of enediols as that in ascorbic add, and like ascorbic 
acid both reduce the characterizing indicator, dichlorophenolindo- 

^ Reiohstein, Nature^ 184, 724 (1934) ; Haworth, i&td., and BriU Assoc* Advancement 
Sci. RepU, 295 (1934). 

Norrish and Griffiths, /. Chem. Soe,, 2837 (1928) ; von Euler and Martius, Svensk 
Kern. Tid,, 45 , 73 (1933) ; Reichstein and Oppenauer, Hdv. Chim, Acta, 16 , 988 (1933). 
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phenol. With additional knowledge it may be found that subBtancea 
of this nature are of major importance in the chemical as well as in the 
biological d^adations and transformations of the sugars. 

ISOMERIZATIOnS Ain> DEGRADATIONS 

Acid Rearrangements. The mechanism of the reactions whereby 
the sugars are rearranged or are broken down into smaller fragments is 
of the greatest interest both chemically and biologically. It has, how- 
ever, been the subject of so much research that only a brief outline of 
the conclusions is possible here. The simplest types of changes are 
effected by acid treatment, and the effect ranges from almost nothing 
with weak acids, to complex changes, eventuating in the formation of 
humic substances, with hot concentrated adds. Between these extremes 
lie ample conversions, produced by acids of intermediate concentration, 
such as the production of furfural from pentoses and the analogous pro- 
duction of methylfurfural from methylpentoses, and hydroxymethyl- 
furfural and levulinic acid from hexoses: 
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It will be observed that, with the exception of levulinic add, all 
the {voducts may be considered as being formed in identical fashion by 
abstraedon of ^ree molecules of water. Levulinic add results on 
similar treatment of 2-desoxypentoses as well as of hexoses, and this 
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fact mji for a loxig time responable for the bdief that the sugar of 
the th 3 rmuB nucleic acids was a hexose. No very good evidence has 
been presented to account for the formation of levulinic add, althou^ 
it has been diown to result on add treatment of hydroxymethylfur* 
fural.“ 

CH CH 

HOCHj— CH C— CHO HOOOH + CH»COOHsCH*CXX)H 

\y^ 

Levene and Mori have indicated the formation from 2-desoxypentoses 
in the following way: 
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without attempting to substantiate this mechanism. 

In connection with the formation of furfural, several observations 
may be mentioned. The first of these is the fact that the fully meth- 
ylated pentoses, whether furanose or pyranose, give furfural on treat- 
ment with strong add.*^ The yields in general are as high as those 
from the free pentoses and are sometimes higher. Moreover they 
appear to be independent of the furanose or pyranose ring form of the 
methylated sugar. Of interest in the same coonection is the formation 
of methoxymethylfurfural from tetramethylfructofuranose. For this 
rearrangement Haworth has suggested the following mechanism, which 
assumes the enol as the first step: 

CHjOMe CHOMe CHO CHO 



CHiOMe CHiOMe CHsOMe CHtOMe 

** Pominwer, Ouyot, imd Birkofert B«r., 68 , 480 (1938). 

” Bott Mtd EUnt, /. Chem. Spc.. 2021 (1982). 
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Alkaline Rearrangements. Turning from the action of acids on 
sugars to that of alkalies, a much more complicated problem is encoun- 
tered. For a logical treatment of the subject the effect of alkalies might 
be divided into, first, those changes which involve rearrangement with- 
out splitting, and, second, the changes involving scission of the molecule 
into smaller fragments. The first of these classes would include as its 
simplest case the problem of mutarotation or Walden inversion on 
the aldehydic carbon atom (which has been discussed, p. 1546), then 
epimerization or Walden inversion on the carbon adjacent to the alde- 
hydic carbon, next the progressive wandering of the reducing group 
along the carbon chain, and finally such complicated rearrangements as 
those involved in saccharinic acid formation where branched-chain 
acids result. In the second of the above classes would be included the 
formation of aldehydic substances such as formaldehyde, acetaldehyde, 
and methylglyoxal, acids such as formic, acetic, lactic, and dihydroxy- 
butyric, and finally reduced scission products such as alcohol. Unfortu- 
nately, however, in practice it becomes almost impossible to segregate 
these problems for separate discussion as each type of reaction is inti- 
mately concerned with each of the others, and deviation from such 
logical presentation becomes almost unavoidable. 

In the study of epimerization, complex side reactions may be avoided 
by working with the sugar acids. By heating them with aqueous pyri- 
dine, apparently only the epimers are formed and the reaction, moreover, 
seems to be reversible. Both aldonic and saccharic acids exhibit this 
phenomenon as do the fully methylated 7 - and 5-lactones.®* 
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A similar simple inversion has been observed on treating certain of the 
methylated sugars with dilute alkali. 

Not all reactions of this type are so simple, however, and if the free 
sugars are employed instead of the acids then the changes usually become 

•• Fischer, B«r., S8, 709 (1890) ; Haworth and Long, /. Chem. Soc., 345 (1929) ; Heden- 
heeg and Cretoher, J, Am. Chem. Soc., 49, 478 (1927). 
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much more complicated. In one of the simple cases, where glyceralde- 
hyde is treated with anhydrous pyridine, a revermble convermon to 
dihydroxyacetone has been observed. 

CHOCHOHCHjOH ^ CHjOHCOCHjOH 

On treatment of glucose, on the other hand, with even as mild a 
reagent as saturated lime water, the first products are apparently man- 
nose and fructose, but if the reaction is allowed to continue then a host 
of other products is formed. The nature of these substances and the 
mechanism of their formation have been extensively investigated, but 
they are still not fully understood. Nef, following Wohl, Lobry de 
Bruyn, and Alberda van Ekenstein, argued for the enol (p. 1584) as 
being the intermediate in the alkaline reactions of the carbohydrates, 
and did extensive research in corroboration of this idea.** This theory 
assumed the enol to be formed by alternate addition and removal of 
the elements of water, the change being considered progressive. 
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This mechanism accounts adequately for the known formation of 
glucose, fructose, and mannose from any one of the three used as start- 
ing material, as well as for the supposed presence of glutose (3-keto- 
hexose) and the kindred products which have been claimed as being 
formed. It may be conddered the classical or basic theory of these 
changes. However, when Lewis and his co-workers^* attempted to 
apply this same mechanism in the methylated sugar series thqr met 
with difficulty. Working imder conditions which led only to the simplest 
changes, with little or no saccharinic acid formation, Lewis and Wolfrom 
studied the effect of alkali on tetramethy^lucopyranose. True equi- 
librium was apparently established between the glucose and mannose 

*> Nef. Ann.. SSS. 191 (1904) ; 357 . 214 (1907) ; 376 . 1 (1910) ; 403 . 204 (1914). 

** For ibe last publicstion of this series and for earlier references see Loder with Lewii^ 
J. Am. Chem. Soe., 64 , 1040 (1932). 
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derivatives, but they observed no ketose formation and on this bams 
argued that the views of Nef and Lobry de Bruyn should be replaced 
by the sunpler concept of enolization. Thus: 

CH^H 


CHO 

I 

HCX)H 



The changes predicted for the free sugars would be identical on 
either basis, but in the case of a methylated sugar Lewis conriders that 
further enolization is blocked by the methyl group, owing to its non- 
mobility. It is his view that, on the basis of the Nef theory, water 
would 1^ added, forming a hemiacetal which would readily lose methyl 
alcohol, and that subsequent changes would be similar in character. 


CH(OH), CHOH CH*OH 

iiTIrtUT 

CHOMe > COMe > 

I I I ^OM 


CHsOH 

CO + MeOH 


Against this it may be argued that this form of writing the reaction 
ignores the possibility of a lactol ring, and that if the ling form is con- 
radered then the postulated removal of the elements of water would give 
rise to tetramethyl-l,2-glucoseen: 

I 0~~ 1 

CH-=COMeCHOMeCHOMeCHCHjOMe 

This compound has been prepared,” and a recent paper shows that 
it is stable to alkalies and with acids gives rise to the methyl ether of 
hydroxymethylfurfural. These facts can be construed as additional 
evidence against tiie Nef mechanism. 

In these studies on the methylated sugars it was observed that the 
appar^t aldose content, as determined by hypoiodite titration, increased 
above 100 per cent but was reduced to normal on acidification. This 
was interpreted as proving that, in the methylated sugars, the assumed 
enediol has a tangible existence and that, by consuming more than one 
atcnn of oxygen per mole during oxidation, it is responrible for the high 

n Wolfroin awl Hustad. H. 2580 (1037). 

Wolftom, WaUaoe, and Metoali, ibid., U, 266 (1042). 
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analytioal figures. Similar results were secured with the methylated 
pentoses, but here further complications arose, as methyl alcohol was 
split off and furfural was formed. It was found that the proportion of 
furfural increased with increasing “hi^ iodine” value and also that 
the amount of methyl alcohol i^lit off on acidification was about double 
that liberated in alkaline solution. This led to the formulation of a 
mechanism for the reaction as follows: 


CHO 

I 

CHOMe 

I 

CHOMe 

I 

CHOMe 

I 

CHjOH 


CHOH 

II 

COMe 

I 

Aikau CHOMe 

> I 

CHOMe 

1 

CHjOH 


AlkaU 


r 


CHOH 

II 

C 


CHOMe 

♦O I 

CHOMe 


u 


IH, 

4 “ 

MeOH 


Acid 
> 


CHO 

I 

1 — C 

II 

CH 

I 

CH 

I — CH 

+ 

2MeOH 


In this connection may be mentioned Hirst’s observation that, when 
2,3,4-trimethyl-S-xylonolactone was heated with aqueous pyridine in the 
usual fashion in order to produce epimerization, the major product of 
the reaction was not the epimeric lyxonolactone but furancarboxylic 
acid. In this reaction no acid treatment is required to cause elimination 
of all methyl groups. 

COOH 


CHOMe 

CHOMe O CH O 

CHOMe CH 

I II 

CH* CH- 

In all tbe investigations of Lewis the conditbns, as mentioned above, 
were so chosen as to lead exclusively to the simplest changes. Evans and 
his collaborators, on the other hand, have done a vast amoimt of work 
under more drastic conditions, leading to more deep-seated changes in 
the molecule.” In these studies, glucose, fructose, and mannose were 
found to react analogously, and the products were formed in rougjhly the 
same amounts in each instance. The experiments were Iberefore inter- 
preted on the assumption that the first product is the common enol, 

” For 0UMt recent jniUiontion and earlier refemoee aee Plunkett and Evana, ibid^ 
• 0 , 2847 ( 1038 ). 
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which then either undergoes scission or is attended by migration of the 
double bond farther down the chain. Thus: 


CHO 

CHOH 

11 

COH 

CHsOH 

1 

CHsOH 

CHsOH 

CH 2 OH 

1 

CHOH 

1 

CO 

I 

COH 

II 

COH 

1 

CHOH 

1 

1 

CHOH 

1 

CHOH 

1 

CHOH 

1 

CHOH 

1 

CO 

1 

COH 

1 

1 

1 

1 

-» 

CHOH 

CHOH 

CHOH 

CHOH 

CHOH 

COH 

1 

CHOH 

I 

CHOH 

I' 

CH,OH 

1 

CHOH 

1 

CHOH 

1 

CHOH 

I 

CHOH 

1 

CHjOH 

1 

CHjOH 

1 

CHsOH 

1 

CH 2 OH 

I 

CH*OH 


Scission of each of these enediols was also assumed, with subsequent 
rearrangement of the fragments. 


R 

R 

R 

COH 

>COH 

CHO 


» — *■ 


COH 

1 

>COH 

CHO 

1 

R' 

R' 

R' 


The intermediates above are written in the Nef methylenic form 
to suggest their reactive nature, for although rearrangements such as 

CH20HC0H< CHsCOOH 

were assumed, experimentally no acetic add was formed from glycolic 
aldehyde under similar conditions. Glyceraldehyde and dihydroxy- 
acetone, on the other hand, did actually give rise to lactic acid as well 
as to pyruvic aldehyde (isolated as the osazone) although the yields 
were far from quantitative. These last-named substances may be 
included in the above scheme as follows: 


CH*OH 

CH*OH 

CH*OH 

CHa 

CH, 

1 

CHOH 

CHOH 

CHOH 

CO 

CHOH 

I 

WH 

>COH 

CHO 

CHO 

COOH 


II - 

COH 


as, quite obviously, may a great number of isomeric pentoses and 
tetroses. 

In addition to the studies outlined above, Evans and his collabora- 
tors have extended the investigations to several other aldoses and 
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disaccharides and to hexosediphosphate. They considered that all the 
quantitative results were in accord with the general scheme outlined 
above and substantiated it in all important respects. 

Before leaving the subject it seems well to point out certain less- 
emphasized phases of the problem. First of these is the question of 
conversion of aldehydic intermediates into corresponding acids, for 
example, the assumed production of acetic acid from acetaldehyde, or 
of formic acid from methylenenol (=CHOH). It is clear that both 
these changes involve an oxidation, which in turn demands intervention 
of atmospheric oxygen or else simultaneous reduction of some other 
product. In either event it would lead to the production of a large series 
of compounds which have been disregarded in the original scheme. It 
would seem necessary to be doubly cautious in considerations involving 
any products which do not have the empirical formula (CH0H)ndza;H20. 
Actually Evans (private communication) has found that in a nitrogen 
atmosphere the peak of formic acid formation disappears, and he inclines 
to the view that even more rigorous exclusion of traces of oxygen is 
necessary. 

A second assumption which appears to have been accepted in most 
studies of this sort is that of the reversible nature of the various reactions. 
In dealing with compoimds of this type in which the free-energy differ- 
ences are small, it is frequently possible to produce, at will, either 
forward or reverse reactions depending upon concentrations and condi- 
tions. This, in turn, has been taken as indication of true reversible reac- 
tion (in the physicochemical sense), and this has been in fact frequently 
assumed, either explicitly or implicitly.'^* It is evident that thermody- 
namic equilibrium demands an identical final composition of the mixture, 
no matter which component is used as starting material, yet in the many 
experiments which have been performed this seems not to be the tend- 
ency. In general the initial component predominates while the other 
products appear to form in almost random ratio. The extenuating 
circumstance in most of these experiments is that saccharinic acids 
frequently form and thus decrease the alkalinity. Also, as Evans has 
pointed out, other acids may be formed and thus disturb the equilibria. 
The need for many additional data on the subject of true reversibility is 
evident. 

The final and perhaps the most important assumption which needs 
scrutiny is that concerning scission of the enol forms.’* That ethylenic 
linkages are reasonably susceptible of rupture by osidants appears to 
be adequately established, but simple hydrolytic scission, such as that 

Nef, Ann., 403 , 206 (1014) ; Kusin, Ber., 60 , 1041 (1936). 

Evans et dl., J, Org. Chern,, 1, 1 (1036) ; Schmidt, Ber., 68, 60 (1035) ; Neuberg, Bern 
68, 506 (1035). 
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assumed in the mechanisms above, is on a much less secure experimental 
basis. It would appear de^able to have more extensive data on simple 
non-oxidative cleavage of enediols before accepting, without reservation, 
mechanisms based on this type of reaction. 

Saccharinic Acid Formation. It has been shown above that the 
simplest effect of alkali on a sugar is the catalysis of mutarotation, the 
next is enol formation and epimerization, while more deep-seated changes 
are those of migration of the double bond and cleavage into smaller 
fragments. Accompanying these last reactions is still another, that of 
intramolecular oxidation and reduction (or rearrangement), leading to 
the formation of the so-called saccharinic acids. These are respectively: 


:OOH 


(a) Metasaccharinic acids 

CH 2 OHCHOHCHOHCH 2 CHOHCOOH 

(5) Isosaccharinic acids 

CH 2 OHCHOHCH 2 COH/ 

N3H2OH 

(c) Saccharinic acids 

yCOOK 

CH20HCH0HCH0HC0H< 

^CHs 

(d) Parasaccharinic acids 

yCOOR 

CHaOHCHOHCOH^ 

^CHaCHgOH 


(eight possible 
hexonic) 


(four possible 
hexonic) 


(eight possible 
hexonic) 


(four possible 
hexonic) 


The formula in each case is C 6 H 12 O 6 , so that each of these acids is 
isomeric with the parent hexose. Certain of the corresponding sac- 
charinic acids from pentoses have been described by Nef, but these are 
analogous in character. Of the twenty-four possible isomers listed 
above, only a few have been described: 

(а) One or two metasaccharinic acids from galactose or lactose and 
two from glucose. 

(б) One or two isosaccharinic acids from maltose, lactose, or cello- 
biose but none from gjucose or galactose. 

(c) One saccharinic acid from glucose or mannose. 

(d) One parasaccharinic acid from galactose or lactose. 

The mechanism of the formation of these substances has been the 
subject of extensive research but is still incompletely understood. The 
eartert attempt to aecount for thehr formation was that of Kiliam, who 
assumed tibat lactic acid and glyceraldehyde, formed from the sugar 
under the influence of alkali, were recondensed to give the saccharinic 
adds. By assuming condensation of other adds and aldehydes this 
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mechanism was extended by Windaus to include all the isomeric saccha- 
linic acids, but the theory has received little experimental support. 

The most extensive investigations in the field were made by Nef, 
with his co-workers, in a series of classical researches. On the bads of 
the earlier work of Lobry de Bruyn, a progression of the carbonyl group 
down the carbon chain was postulated and the various ketoses thus 
formed w^ then assumed to undergo internal oxidation and reduction 
leading to the formation of desoxy diketo compounds. A benzilic acid 
rearrangement (p. 974) of these substances gave rise to the various sac- 
charinic acids. Thus, as written by Nef, who assumed the reactive- 
methylenic intermediates: 

I I 

CO CO 

CHOH > C< -♦ 

I I 

CHOH CHOH 

1 I 

If this same scheme is followed, starting with the aldehydo-, 2-keto-, and 
3-ketohexoses, it will be found that the first gives rise to the meta- 
saccharinic acids, the second to the isosaccharinic, and the third, where 
two diketo compounds are possible, 

^ CHsCOCOCHOHCHOHCHaOH 
CH 2 OHCHOHCOCHOHCHOHCH 2 OH <; 

^ CH 2 OHCHOHCOCOCH 2 CH 2 OH 

to both saccharinic and parasacchaiinic acids. In the above scheme the 
formation of the diketo compounds might equally well be based on a 
selective removal of the eleihents of water followed by ketonization, as 
proposed by Lewis: 



CO 

CO 

Co 

1 

-H,0 1 

1 

CHOH - 

COH 

CO 

1 

CHOH 

CH 

1 

CH, 


In recent years, Benoy and Evans have proposed a modification of 
Nef’s scheme, based on their emphasis of the enediols as intermediate 
in these mechanisms.^® The same enediols which they postulated to 
account for the isomerizations produced by alkali serve as intermedi- 
ates in the saccharinic acid formation, and the one medianism accounts 
for both types of reactions. These authors suggested an isomerization 
of the enediol as follows: 

Benoy and Evans, see J. Am, Chem, Soe„ 48, 2676 (1826). 
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COH 


CO 

II -H«0 

O 

1 

COH 


CO 

1 

CHOH 

CHOH 

CHa 


and the diketo derivative thus formed could undergo the benzilic acid 
rearrangement as postulated by Nef. The major difference between 
these two theories derives from the precursors which are assumed, as 
may be seen in the following scheme: 


Nep 

Metesaccharinic <— aldehydo 


Isosaccharinic 

Saccharinic 

Parasaccharinic 




2-keto 


3-keto 



Bbnoy and Evans 


1,2-enediol Saccharinic 


2)3-enediol 


Parasaccharinic 

Metasaccharinic 


3,4~enediol — ♦ Isosaccharinic 


It would seem that quantitative studies on partially substituted hexoses 
or on the disaccharides might serve to decide between these two theories. 

In recent years a further attempt to elucidate the mechanism of 
the formation of the saccharinic and isosaccharinic acids was made by 
Ohle. This author started from fructose, for example, and assuming a 
pinacol rearrangement, followed by selective removal and addition of 
water, formulated the desired substances.’® Thus: 





CHa COOH 

1 

CH, COOH 

COH 

1 

CHaOH 

CHjOH 

CHaOH C(X)H 

CHOH 

CHOH 

<!x> 

(ijHOH ^ 


inoH / 

inoH 

1 

<!3H0H 

1 


CHaOH 

«H,OH 

(Ijhoh 

inoH 

inoH V 

CHaOH COOH 

CH, OH COOH 

^HOH 

inoH 





^,OH 


hn 

^HOH 

hE/m 

-♦ in, 

^OH 

dmiOH 


^Ohle, Ergfib. Phyaiol, 8S, 694 (1931). 
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This mechanism cannot be used to account for the metasaccharinic and 
parasacchaiinic acids. 

There may also be mentioned the observation of Nicolet that 
a-hydroxy-jS-methoxy-jS-phenylpropiophenone, on treatment with alkali, 
gave a,i 8 -diphenyllactic acid."^^ The author explained this on the basis 
of a benzilic acid transformation of the hypothetical diketone and 
suggested that the initial reaction (an ^'aldol dehydration’^ made a re- 
vision of Nef ’s theories necessary. 


CeH, 

1 

eja* 

1 


C.Hb 

CHOCH 3 

Ah 

II 

1 

CHj 

I 

CH* 

1 

-CHiOH II 

1 

1 

CHOH 

1 

COH-^ 

1 

CO 

1 

H0CC«H5 

1 

CO 

1 

CO 

1 

CO 

I 

COOH 

1 

CeHs 

I 

CeHs 

I 

CdHs 



Evans (private communication), however, points out that, if the re- 
moval of methyl alcohol is assumed as the first step, the reaction may 


be represented as follows: 





CJH. 

CeHj 

1 

CeHs 

CeHs 

1 

CeHs 

C,H8 

1 

CHOCH, 

CHOH 

1 

CHOH 

1 

CHOH 

1 

1 

CH 2 

1 

1 

CH, 

1 

CHOH 

1 

+H 2 O 1 1 

1 

^ (i/v 

1 

"> CO 

1 

I 

HOCCbHb 

1 

-CH,OH 1 

li 

COH 

-Hrf) 

CO 

CO 

O) 

COOH 

I 

C,Hb 

1 

C,H, 

,| 

CeH* 

j 

CeHs 

1 

COIs 



and thus included in the general mechanism outlined above. 

Oxidation. In this discussion of oxidation, as in that of isomeriza- 
tion, it is convenient first to consider the reactions in add medium since 
they are of less involved nature. In the presence of strong acids the 
results are complicated by the isomerizations which lead to the pro- 
duction of furfural derivatives, levulinic acid, and the humic acids. 
With bromine, on the other hand, such isomerizations are reduced to a 
minimum, and the reaction with aldoses is largely confined to simple 
oxidation to the corresponding acid: 

Brj + H 2 O + RCHO 2HBr + RCOOH 

A similar conversion is achieved by using hot dilute nitric acid, and the 
major product is again the aldonic add. This same reagent produces 

Nicotet, tWd., 58 , 4458 (1931). See Nef, Ann.. 875 , 3 (1910). 
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selective oxidation of the primary alcoholic group adjacent to the reduo> 
ing carbon in the case of ketoses, and has been found useful as a prepara- 
tive method for the 2-keto aldonic acids which are intermediates in the 
ascorbic add s}mthesis. 

Boiling concentrated nitric add oxidizes both terminal carbons and 
gives the dicarboxylic adds (saccharic adds), most often in the form 
of their mono- or dilactones. Thus: 


CHO 

COOH 

CO 

1 

CHOH 

1 

CHOH 

1 

CHOH 

1 ^ 

1 

CHOH 

1 

CHOH 

CHOH 

1 -*■ 

1 

1 

CHOH 

CHOH 

CH- 

1 

CHOH 

1 

CHOH 

1 

CHOH 

1 

CHjOH 

1 

COOH 

I 

COOH 


This same reagent is frequently used in structural determinations in- 
volving the methylated sugars, as they are attacked at the point of 
the lactol or lactone ring, the position of which is indicated by the 
nature of the oxidation products. For example. 


CHOMe- 

I 

CHOMe 


CO 

I 

CHOMe 


CHOMe O CHOMe 0 


CHOMe 
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CH 

I 

CHiOMe 


CHOMe 

I 

CH 

I 

CHaOMe 


COOH 

COOH 

1 

CHOMe 

j 

CHOMe 

I 

CHOMe 

1 

CHOMe 

I 

CHOMe 

1 

CHOH 

1 

COOH 

1 

CHOMe 


1 

CHaOMe 


COOH 

I 

CHOMe 

1 

CHOMe 

COOH 


The method is similarly employed to determine the podtion of substit- 
uents, by fully methylating the substance, removing the substituent, 
oxidizing, and determining the nature of the oxidation products. 

An oxidation which has preparative dgnificance is that with hydrogen 
peroxide in the presence of iron catalysts. With ferrous salts botb 
aldoses and 2-ketoses are converted to the osones, while fragments of 
the molecule appear as by-products in the form of the adds: 


RCHOHCHO -♦ RCOCHO RCOCHjOH 
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Witli ferric iron, notably colkndal ferric hydrcndde, aa catalyat the 
method becomes a useful one for the preparation of Ihe aldoses of one 
less carbon from the aldonio adds: 

aCHOHCOOH + (O) -» ECHO + CO* + HjO 

A similar oxidation has been achieved electrolytically, and a further 
spedal case of the same general reaction is the action of hypochlorites 
or h 3 rpobromites on the sugar add amides: 

RCHOHCONH* + OH" + 001“ ECHO + NCO" + 01“ + 2H,0 

To Weennan is due the observation that this reaction may be used to 
prove substitution on the second carbon atom of aldoses, for formation 
of isocyanates does not then take place.''* 

In alkaline oxidations the various isomerisations which have already 
been discussed must also be taken into consideration. With weakly 
alkaline reagents, and at low temperatures, isomerization may be negli- 
gible, but with the more alkaline oxidants, particularly when used hot, 
it may predominate. An example of the first class is oxidation with 
hypoiodites, usually at room temperature or below. Simple oxidation 
of aldoses is observed, and under controlled conditions of alkalimty and 
temperature, ketohexoses are negligibly affected and the method is not 
only specific, but quantitative as well. 

ECHO + la + 20H- ECOOH + HaO + 21“ 

An oxidation, mmilar to this, has been achieved by Isbell, who peiv 
formed an electrolytic oxidation in the presence of small amounts of 
bromides. Here the bromide may be conridered as being continuously 
oxidized to the hypobromite, and this in turn as being continuously 
reduced by the aldose with the formation of the aldonic add. A by- 
product of this reaction with glucose is 5-ketogluconic add.’'* Oxida- 
tion of glucose directly with barium hypobromite leads to the production 
of a considerable amount of this 5-ketogluconic add.** Recmt work 
on the preparation and isolation of these keto adds has been done by 
Everett.** 

Of theoretical importance in connection with the hypobromite oxi- 
dation is the condudon of Isbell, who has presented evidence showing 
that there is a difference between the oe- and Informs of the aldoses as 

" Weerman, See. brwt. ehim., 37, 16 (1917). See Ault, Haworth, and Hirst, J. Chan. 
See., 1722 (1934). 

» Cook and Major, J. Am. Chan. Soc., S7. 773 (1936). 

*• Ruchstein and Neraoher, Hein. Chim. Acta, 18, 892 (1936). 

*' Hart and Everett, /. Am. Chan. Soe., 61, 1822 (1939) ; Crews, Hart, and Everett, 
ibid., 63, 491 (1940). 



1652 


ORGANIC CHEMISTRY 


regards the rate of their oxidation.^ The same author also believes that 
the sugars are directly oxidized by this reagent from their lactol to their 
lactone forms, the ring being unchanged in the process. 

r O 1 NaOBr r U 1 

CHjOHCHCHOHCHOHCHOHCHOH > CH,OHCHCHOHCHOHCHOH<X> 


Another reaction of hypobromites is the more vigorous treatment 
of ketoses which cleaves the molecule at the carbonyl group. The same 
result is secured by using mercuric oxide in alkaline solution: 

RCHOHCOCHjOH RCOOH + HOOCCH2OH 

In recent years there has been described a most important reaction 
which involves the treatment of glycosides with hypobromites and leads! 
to the complete elimination of the third carbon from the molecule, while \ 
the remainder is obtained as a mixed acetal: ^ \ 


CH3OCH 

CHOH 

I 

CHOH 

I 

CHOH 

I 

CH 

I 

CH2OH 


CH3OCH 1 

COOH 

0 

COOH 

I 

CH 1 

CH2OH 


This reaction is discussed in the preceding chapter (p. 1669) in connection 
with structural determinations. 

Many of the quantitative analytical reagents used for sugar deter- 
minations are more or less alkaline in reaction and, being used hot, 
produce fairly extendve isomerization. Sobotka has shown that, in the 
series of methylated sugars, oxidation by a typical sugar reagent dimin- 
ishes progressively as the methyl groups are moved toward the reducing 
carbon.^ Thus 3-methylglucose is much less reducing than glucose 
itself, and 2,3-dimethyl^ucose has very little reducing action. This 
observation has been confirmed with several of the monomethylglucoses 
and has been explained on the basis of isomerizations leading to the 
formation of non-reducing products such as the saccharinic acids. 
However, it is to be noted that, even in the case of free glucose, in the 

** Isbdl, J. Am. Chem. Soe., S4, 1692 (1932). 

Iflbdl and Hudson, J, Research NaU. Bur, Standards, 8, 327 (1932) ; Isbell, ibid., p. 

615 . 

Jackson and Hudson, J. Am. Chem. Soe., 68, 378 (1936). 

Sobotka, J. Biol. Chem., 69, 267 (1926). 
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normal oxidation time (by which time the reaction is approaching a 
maximum) only three atoms of oxygen have been consumed. This is 
equivalent to the production of the acid of one less carbon: 

RCHOHCHO + 3(0) RCOOH + H 2 O + CO 2 

so that it is surprising that 3-methylglucose should be so much less 
reducing. Although this is certainly in part due to the isomerizations 
mentioned above, it appears possible that it may also be due to the 
prevention of mid-chain oxidations (like that with hypobromite) by 
the presence of the stable substituted groups. 

This oxidation by alkaline reagents has been extensively studied by 
Nef and more recently by Evans, ^ and these authors interpret the 
results on the basis of the intermediates produced by the action of alkali, 
and their subsequent reaction with the oxidant. Evans’ emphasis is 
upon the enediols as intermediates, and it was his conclusion that the 
quantitative results were in satisfactory agreement with the assumption 
of cleavage and oxidation of the various enediol forms. 

In the discussion above there have been considered only a few of 
the many reagents and reactions which have been studied, and of which 
there are an enormous number. Catalytic oxidation, oxidation by air, 
by peroxides, and by salts and oxides of numerous metals have been 
extensively studied. They are omitted here for the reason that in 
general they are similarly explained and usually permit qualitative if 
not quantitative interpretation on the assumption of enediols and their 
reactions. Two reagents which may be mentioned are the peracids and 
lead tetraacetate w:hich are used for the oxidation of substances having 
double bonds in the molecule. As mentioned above, this last reagent 
has been found of theoretical and preparative use since it produces 
oxidation of the saturated sugars only if there are two adjacent unsub- 
stituted hydroxyls. One final reagent which has foimd some application 
in structural determinations is silver oxide in aqueous solution**® There 
are indications that in the methylated sugars this reagent may produce 
exidation only at the point of attachment of the lactol ring, although 
this has not as yet been firmly established. 

As a final consideration in this section may be mentioned the work 
of Ohle and his collaborators,*^ directed towards securing “models” 
for the biological breakdown of carbohydrates. Working with fructose 
derivatives, they found as intermediates branched-chain dicarboxylic 
acids which they called furtonic acids. Thus jS-diacetonefructose-l- 

*• See, for example, Freudenberg, Ber., 59, 836 (1926) ; Mioheel, Ber„ €3 347 (1930) r 
Levene and Compton, /. Biol. Chetn., 119, 775 (1936). 

Ohle, Contflicos, and Gonzales, Ber., 54, 1769, 2804, 2810 (1931). 
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sulfate, (HI ondation with permanganate, gave j3-monoa(ietoite4>furton(ii- 
(HuboxyUc a<dd l-sulfate, wiiile i8-diaoetonefructo8e-l-<»udt>oxylie acid 
gave /3-monoaoetone4-furtontricarboxyUc a(nd. The last, on add 
hydrolsrsis, sdelded gly<5olic aldehyde, glycolic acid, and two molecules 
of carbon dioxide: 


CHsOSO*H 

I 

yOC- 


Me,C< 1 
Nnr 


OCH 

CHCk 

I ^Mea 
CH(y 

I 

CHj 


CHaOSOaH 

yOCOH 


MeaC< I 
O N)CH 


CH 

/ \ 

COOH COOH 


COOH 


COOH 


Mea< 


< 


OC 

I 

OCH 

1 

CHOv 

I >CMea 

cH<y 


I 

o 


MeaC/ I 

NOT 


CHa- 


OCOH 


OCH 

I 

CH 

/ \ 

COOH COOH 


CHaOHCOOH 

Glycolic acid 

+ 

CHaOHCHO 

Glycolic aldehyde 

+ 

2COa 


Similar reactions were observed with o-diacetonefructose-S-sulfate and 
with the corre^nding phosphoric esters. On the other hand, it was 
found that monoacetoneglucose-S-suIfate on oxidaticm gave the 3-sulfate 
of monoacetonexyluronic add and not a furtonic acid. 

In spite of the very interesting nature of these reai^ions, <x>n8ider- 
able additional information will be needed before the results can be 
applied in any biological connections. 


Fermentations 

Alcoholic. One of the most important biological processes, and one 
of the most extendvely studied, is the metabolism of carbohydrates. 
The best understood of these reactions is alcoholic fermentation,, and, 
inasBWudi as it may be used as a starting point for the discussion of 
ahnoet all kindred processes, it may be cons^ered at some length. 

live-yeast fermentation is confined to certain disaocharides, one of 
the two nonoses, a few hexoses, cv-glucosan, 5-ketofrucrtose, and the 
txioses, and on this bads it has becm stated that only such sugars ferment 
as contain three or a multiide of three carbon atoms. In general it 
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appears that the disaccharides xindergo prelimioary hydrolsras to the 
hexoses, althou^ some evidence ^dsts to show that this is not invariably 
true and that they may be fermented directly. The trioses, moreover, 
are fermented only slowly and may perhaps undergo a preliminary con- 
vendon, tiie exact nature of which win be discussed later. In any event 
the dgnificant fermentation is that of the hexoses, and of these only 
d-glucose, d-mannose, d-fructose, and (by specially cultured yeasts) 
d-galactose are utilized. Introduction of any substituent whatsoever * 
has been found invariably to prevent fermentation. 

In live-cell fermentation it was found that a quantitative “balance- 
sheet” could be prepared in which, with fair precision, the fermentation 
is described by the equation: 

CeHiaOj 2CO2 2CiH60H (l)t 

However, working with the fermentation enzyme. Harden,®* in his 
brilliant researches, made the astonishing discovery that inorganic phos- 
phates are involved in the enzymic reaction which is more nearly repre- 
sented by the equation: 

2C«Hi20« + 2H»P04 200 * + 2C2H5OH + C«Hio04(P04H*)* -|- 2H2O (2) 

Harden was able to isolate a large proportion of the organic phosphate 
required by this equation, and to show that the dynamics of the reaction 
was in essential accord with this mechanism. The fact that the simpler 
equation (1) applied in the live-cell fermentation was explained by 
assuming that, in the intact cell, a mechanism exists for the rapid 
hydrolysis of the hexosediphosphate, thus regenerating inorganic phos- 
phate and fermentable hexose: 

C 6 Hio 04 (P 04 H,)* -1- 2 H *0 C«Hi* 0 . + 2 H,P 04 ( 3 ) 


The net result of (2) and ( 3 ) is (1). 

Such hydrolysis does, in fact, occur in the enzymic system but at 
so low a rate that the diphosphate accumulates during rapid fermenta- 
tion. It is of interest in this connection that the addition of arsenates 
or arsenites increases the rate of enzymic fermentation, which, in special 
cases, may approach that of the living yeast equivalent to Hie amount of 

* Exceptions to this statement are the glycosides, but in general they are hydrolyzed 
prior to fermentation. 

t From data given in Parks and Huffman, **The Free Energies of Some Organic Com- 
pounds," Chemical Catalog Co., New York (1932), it may be calculated that for this 
reaction (CO 2 at 1 atm.,C 2 H 50 H and CeHisOg in 1 molal solution) 


(C2H50H)«[C08]« 

(CsHisO*) 


- 10 " 


(approx.) 


In view of this fact the irreversibility of fermentation in actual practice is not suzpridng. 
** See Monograph, "Alcoholic Fermentation," by Harden [Longmaao, Oreen and Co., 
London (1932) ]. 
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enzyme used. This has been explained by assuming that arsenates 
increase the rate of reaction (3), regenerating inorganic phosphate more 
rapidly and thus accelerating reaction (2). 

Another significant fact, which must receive consideration, is derived 
from experiments on certain enzyme preparations which show a delayed 
starting or induction period, followed by normal fermentation. It 
has been found that certain of the phospho esters, but especially the 
hexosediphosphate, in very low concentration, reduce or entirely abolish 
this induction period so that fermentation starts almost immediately.. 
Nothing in the preceding reactions permits prediction of this surprising 
result, which seems to indicate the diphosphate to be some sort of inter-\ 
mediate in the fermentation mechanism. Against this view is the fact \ 
that the diphosphate exhibits a very low rate of enzymic fermentation, ’ 
whereas a true intermediate should ferment at least as fast as the parent 
hexose under equivalent conditions. To reconcile these two facts, re- 
course was usually had to the rather unsatisfactory explanation that 
the diphosphate was liberated in an “active” state which had a higher 
rate of fermentation than the “stable” forms which were isolated. 

Within the past few years the problem has been entirely reopened 
and given a tremendous impetus by the important observations of 
Meyerhof and Lohmann, who found that an equilibrium is established 
with extraordinary speed between dihydroxy acetone phosphate and 
hexosediphosphate in the presence of yeast enzyme.®® 

C6Hio04(P04H2)2 2C3H602(P04H2) 

Hexosediphosphate Dihydroxyacetone phosphate 

This constitutes one of the most significant observations thus far made 
in the field of carbohydrate metabolism, as here for the first time is a 
mechanism for securing the smaller triose units which have been so 
often postulated. Not only is considerable rearrangement involved in 
the reaction, but also an interchange of optically active and optically 
inactive material: 

CHaOPOaHa CHaOPOsHa 

I I 

CO CO 


HOCH 

I 

HCOH 

hAoh 
I 

CHjOPOjHi CHiOPOsH* 

^ M«y«diol and Lolimaim, NaivTwisimathaften^ SS, 134 (1934) ; BMum, Z., 971, 89 
(1934) ; ITS, 413 (1934) ; 175, 430 (1935). 


CHaOH 

CHaOH 

I 

CO 

I 
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The change is reversible, and it is of great interest that true theimo- 
dynamic equilibrium is attained. 

Following this major discovery, a new activity in this research field 
has brought to light a series of most remarkable reactions. The problem 
is currently in a transitional state, and constantly appearing new data 
make the subject difficult to present. However, it seems useful to 

present a complete theory and to indicate some of its deficiencies. This 
is perhaps best achieved by presenting the mechanism proposed by 
Meyerhof and Kiessling, which is as follows.®® 

C 6 H 12 O 6 + 2 H 3 PO 4 + C 6 Hio 04 (P 04 H 2)2 

HexoBO HexosediphoBphate 

[iCHiOPOsHsCOCHsOH 4CH*0P08H*CH0HCH0'| ?=3 

L Fhoaphodihydrozyacotone Phosphoglyceraldehyde J 

2CH80P03HjCH0HCHj0H + 2CH*OPO,H2CHOHCOOH (4) 

a«PhoBpho£lyoerol 3-PhoBphoglycerio acid 

2 CH 20 P 03 H*CH 0 HC 00 H 2 CH 2 OHCHOPOSH 2 COOH 

3-PhoBphoglyoeric acid 2-PhoBpboglyceric acid 

2 CH 2 OHCHOPO 3 H 2 COOH ^ 2 CH 2 =C 0 P 03 H 2 C 00 H + 2HaO ^ 

2-PlioBphoglyceric acid Phoaphopyruvic acid enol 

2CH2=C0P03H2C00H + C 6 H 12 O 6 

Phoaphopyruvic acid enol Hexoae 

2CH3COCOOH 4- C6Hio04(P04H*)2 ( 6) 

Psmivio acid Hexoaediphoaphate 

2CH3COCOOH 2CH*CHO + 200* (7) 

Pyruvic acid Acetaldehyde 

2CH3CHO + C«Hi 204 + 2HgP04 ^ [primary ester + 2CH.CHO] 

Hexoae 

2CH*0P08H2CH0HC00H + 2 C 2 HSOH (8) 

3-PhoBphoglycerio acid Alcohol 

The summation of 5, 6, 7, and 8 gives 

2 C,JIi 20 » + 2 H 8 P 04 C 6 Hio 04 (P 04 H *)2 + 2 CO 2 + 2 C 2 H 5 OH + 2 H 2 O 

identical with reaction (2) discovered by Harden. In order to make 
clearer the sequence of events leading to t^ result, tibe above mechanism 
is given in diagrammatic form below. 

In this diagram there may be seen the utilization of ^ucose and 
inorganic phosphate and the production of hexosediphosphate, alcohol, 

*• Meyerhof and EiessUng, ibid., Ml, 249 (1936) ; 28S, 83 (1936). 

See also the earlier basic results of Embden. For example, Embden, Deuticke, and 
Kraft, Klin. Woehtehr., IS, 213 (1933) ; lEmbden and co-workers, E. phiftiol. Cbm.. SSA 
1 (1934). 
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and carbon dioxide, while the other products are formed and consumed 
in a c^^clic manner. 



In the mechanism as outlined in the equations above, the only 
hypothetical substance is the primary ester which is assumed in reaction 
(8). With this exception all the substances indicated have been isolated, 
and many have been made available synthetically. The products have 
usually been demonstrated by employing incomplete systems (such as 
one lacking coenzyme) or partially impaired enzymes (such as those 
poisoned by iodoacetate or fluoride); imder these circumstances the 
intermediates accumulate and can be isolated. Although there is some 
reason to discount conclusions based upon such abnormal enzyme sys- 
tems,®^ still the method provides valuable data which must not be 
ignored. 

The experimental basis for this mechanism is as follows: 

Equation (4): Although hexosediphosphate alone is only slowly 
fermented by yeast juice, in the presence of glucose and inorganic phos- 
phate it is very rapidly converted into equimolal quantities of o-phos- 
phoglycerol and 3-phosphoglyceric acid. This presumably occurs 
through the intermediates, phosphodihydroxyacetone and phosphogly- 
ceraldehyde, and there is evidence indicating the reversible interconver- 
sion of these two substances. 

Equations (6) : 3-Phosphoglyceric acid (which, incidentally, has also 
been prepared S3mthetically) undergoes a two-stage reaction, each step 
being reversible, whereby (levo) 3-phosphoglyceric acid is converted into 
(dextro)2-phosphoglyceric acid. This in turn loses the elements of 
water and gives the phosphate of the enol form of pyruvic acid. This 
final product has also been prepared synthetically. 

CHaOPOaHj CH2OH CH, 

I i II 

CHOH Vi CHOPOOI* v± COPOJB, 

I I I 

OOOH COOH CX)OH 

Qevo) (dextro) 

« See, tor examine, Nord, Chem. Rev., 16 , 423 (1940). 
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Equation (6); If glucose is added to either natural or 83nithetic 
phosphopyruvic acid in the presence of the enz 3 ane system, pyruvic 
acid and hexosediphosphate are formed by interchange of the phospho 
groups. 

l^uation (7) : The pyruvic acid formed in reaction (6) is decarboxyl- 
ated by the long-known enzyme carboxylase and yields acetaldehyde 
and carbon dioxide. 

Equation (8) : Acetaldehyde, glucose, and inorganic phosphate have 
been ^own to react rapidly in the presence of hexosediphosphate and 
the yeast enz 3 rme (through an assumed intermediate ester), reducing 
the aldehyde to alcohol and regenerating the original 3-phosphoglyceric 
acid. In this way the concentration of the latter is kept constant. 

As will be seen from this discussion, the proposed mechanism rests 
on a fairly secure experimental basis. Moreover, it includes certain other 
phenomena connected with fermentation which cannot be discussed here. 
However, it cannot be stated with certainty that the above is the actual 
sequence of reactions in normal, unimpaired fermentation, and it is to 
be noted that certain of the proposed reactions [(8), for example] are 
of extremely high order. It seems probable that in such cases inter- 
mediate reactions occur which have not, as yet, been demonstrated, and 
that the actual mechanism will eventually be shown to embody many 
simultaneous but low-order reactions. Moreover, although hexosedi- 
phosphate is written in all the above equations, Meyerhof intends this 
to include monophosphates as well, and this relationship is still obscure. 
Finally it is to be noted that the ^^primary ester,'' which is postulated 
above, is considered to be an unstable phospho ester, not identical with 
any of those already known. The search for an intermediate of this 
nature dates back to Harden's original discovery of the participation 
of phosphates in the fermentation system. 

In addition to the studies discussed above, mention should be made 
of the work of Sch&ffner and co-workers, who prepared mixtures of 
purified enzymes obtained from various sources, and who by use of these 
‘'synthetic" fermentation systems were able to produce the following 
reactions: 

CHa0HC0CH20P08H2 + CH 3 CHO + H 2 O 

COOHCHOHCH 2 OPO 8 H 2 + C 2 H 2 OH (9) 
and 

C«Hi20« + 2H,P04 CeHio04(P04H2>2 + 2H»0 (10) 

Reaction (9), by some obscure mechanism, induces reaction (10), and 
both are sunultaneously inhibited by iodoacetic acid. These reactions, 

**Sch8.ffner and Bauer, N<aurwi99€nBchafUnt SS, 464 (1934); Sch&ffner, Bauer, and 
Berl, Z. Chem., 838, 213 (1935) ; 834, 146 (1935). 
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thoo^ not of immediate relationship to the mechanism above, never- 
theless appear to be of considerable significance. 

In addition to the simple fermentation (1), the mechanism of M^er- 
hof and Kiessling may also be employed to explain some of the older 
observations of Neuberg.®* In an attempt to “fix,” or remove from the 
reaction, possible aldehydic intermediates this author added sulfites or 
alkali to both live-yeast and enzymic fermentations and in this way 
was able to produce two reactions: 

CeHisO. CaHgOs + CH 3 CHO + CO 2 (11)/ 

Glycerol 

2 C 6 H 12 O 6 H2O — > 2G3H8O3 "1“ CH3COOH -f" C2H6OH -j- 2 CO 2 (12) 

It will be noted that (12) would result by combining a “Cannizzaro” \ 
reaction, 2CH3CHO -|- HjO = CH3COOH + C2H5OH, with (11). The 
existence of an enzyme which accomplishes this type of change has in 
fact been demonstrated. Reaction (11) may be explained, on the basis 
of the Meyerhof-Kiessling mechanism, as resulting from removal of 
the acetaldehyde so that reaction (8) can no longer occur, and the 
3 -phosphoglyceric acid is therefore not regenerated. Thus, to replace 
it, ( 4 ) must proceed, and o-phosphoglycerol continues to be formed and 
to be converted to the glycerol indicated above. 

Muscle Metabolism. Many of the data discussed above have been 
secured in studies on the closely related problem of muscle metabolism. 
This highly important mechanism has been included by Meyerhof and 
Kiessling in a similar scheme, in which reactions ( 4 ), ( 5 ), and (6) are 
the same and ( 7 ) and (8) are replaced by: 

2CH8C(X)00H -I- 2H,P04 + CiJIuO* 

— » primary ester -|- 2CH8COCOOH 
— » 2 triose phosphate + 2CH3COCOOH 

2CH20P0,H*CH0HC00H 4- 2 CH 3 CHOHCOOH (13) 

The phosphogiyceric add for ( 5 ) is thus similarly regenerated, but the 
product of the reaction is lactic acid instead of alcohol and carbon 
dioxide. 

An additional reaction which has been demonstrated in the muscle 
system is 

CsHttO* -1- 2adenylpyrophosphate— +C*H i 204(P04H2)2 + 2 adenylic acid (14) 

This is of condderable interest in connection with the problems of co- 
emsyme and hexosediphosphate formation, but its implications cannot 
be considered here. 
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Other Feimentatioiis. The mechanism just described can quite 
obviously be employed to describe the important lactic acid fermenta- 
tion, for the net initial reaction is the same: 

CJHuOe 2CH!^)H0HC00H 

although in the muscle the lactic add then undergoes further transfor- 
mation. That the above mechanism is indeed applicable to the lactic 
add fermentation is partially substantiated by experimental evidence, 
but this is not yet nearly so complete as that for alcoholic fermentation. 

In view of the tremendous amount of research which has been re- 
quired to advance the understanding of these well-known processes to 
its present stage, it is not surprising that in the less-explored fields 
there should be little real knowledge. The ingenious and plausible 
mechanisms which might be written are largely without experimental 
verification and for some the enzyme systems have not even been 
isolated. Thus for the moment it seems desirable to postpone con- 
sideration of possible mechanisms until adequate data have been accu- 
mulated. Some of the commoner fermentations are indicated below, 
but in most of those reactions two or more processes appear actually 
to be taking place simultaneously, for the proportions of the various 
products may be changed by modifying the conditions. These are, 
therefore, to be considered as idealized equations which serve chiefly to 
indicate the nature of the products formed. 

Bviyric Acid Fermerdatim. A suggested mechanism is the following: 

C«Hu06 2C!®,©, 2CH,CHO + 2HC(X)H 

CHsCHO + HaO -♦ CH,COOH + H* and HCOOH -♦ COj -|- H* 
2CH3CHO CHsCHOHCHjCHO 

-♦ CH*CH=CHCHO + H*0-» CHjCHaCHaCOOH 


This mechanism accoimts for the main products of the reaction, 
which are butyric and acetic acids, carbon dioxide, and hydrogen; a 
trace of formic acid is always present. The intermediate triose postu- 
lated above is presumably formed by the same sort of mechanism as in 
alcoholic fermentation and may actually be a phospho ester. 

Butyl Alcohol and Acetone. The mechanism is like that above, with 
the addition of the following reactions: 


2CH,COOH 
CHjCOCH, + 2H 
CHjCHO + 2H 
CH,CH»CHsCOOH + 4H 


CHsCOCHsCOOH CHjCOCH. + COj 
CH,CHOHCH, 

CHsCHjOH 

CH,CH*CH*CHjOH + H,0 
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In this way, butyl alpohol, acetone, and ethyl and iaopropyl alcohols 
are added to the products above. The first two are the dominant reac- 
tion products, and the fennentation has conaderable commercial utility 
for production of these substances. 

Propionic Acid. The intermediate here appears to be lactic add: 

CeHuO* 2CH8CHOHCOOH 
CHjCHOHCOOH CH,COCOOH + 2H 

CH,COCOOH CHsCHO -|- CO* 

CH,CHO + H*0 CHjCOOH -|- 2H 

CHaCHOHCOOH •+• 2H -♦ CH,CH*COOH + H*0 

Propionic and acetic adds predominate, although other by-products 
are formed. 

Citric Acid. The formation of a tiibadc acid manifestly involves a 
very complex reaction, but the equation may be written in a simple 
form: 

C.Hi* 06 -h H*0 -> CtHgO* + 6H 

Acceptors for the hydrogen may be postulated in numerous ways. 

Xylose Fermentation. Among the many pentose fermentations may 
be mentioned one in which xylose is fermented to the extent of 85-90 
per cent to an equimolar mixture of acetic and lactic adds: 

CsHioOj =■ CHjCOOH + CH*CHOHCOOH 

Oxidation by Acetobacter svhoxydans. This organism produces 

dehydrogenations of the general type, CHOH CO -|- 2H. In this 

manner alcohol is converted to acetaldehyde, isopropyl alcohol to ace- 
tone, glycerol to dihydroxyacetone, sugar alcohols to ketoses, and glu- 
conic add to 5-ketogluconic acid. In the sugars the CHOH group adja- 
cent to the primary alcohol group is converted to the ketose. 

Oxidation by Acetobacter xylinum. The initial oxidations are identi- 
cal' with those above, but further oxidation of the products also occurs. 

It is to be noted that in all these reactions the essential feature is the 
transfer of hydrogen by one or more mechanisms, and this may be 
conddered as fundamental to aU these biological processes. However, 
as in the alcoholic fermentation, the mechanism of this transport may 
prove tp be highly complex, 
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INTRODUCTION 

Viewed by the organic chemist, cellulose, the main constituent of all 
living plants, may be termed a natural high polymer the building unit 
of which is an anhydride of glucose. Nature, it is now believed, produces 
this polysaccharide in the form of long-chain molecules, possibly by 
condensation and dehydration of glucose. 

However, cellulose as it exists in plants, as well as in its isolated 
state, possesses a complex physical structure which manifests itself in 
various forms; for example, as hair in cotton, as bast in flax, and as 
fiber in wood.* X-ray analysis, the primary means of investigating the 
fine structure of natural polymers, has definitely ehown cellulose to be 
of crystalline nature. As a result, the individual chain molecules are 
thought to be arranged parallel to each other and to be stabilized 
laterally by secondary valences or by hydrogen bonds between oppomng 
hydroxyl groups. The chain bundles thus formed are conceived to repre- 
sent hypothetical submicroscopic units, of vaiying length but of fixed 
breadth and thickness, which are termed crystallites or micellae. The 
micellae build up the fibriUae, the first constituents of the fiber which 
may be detected under the microscope. 

In defining the term cellulose, distinction should be made between cel- 
lulose as it exists in the plant and cellulose as it is obtained in its isolated 
form, for in the plant it may be chemically combined with other plant 
constituents, such as non-cellulosic carbohydrates or their acids and not 
merely mechanically assodated with these and other compounds. On 
isolation and subsequent thorough purification cellulose may be obtained 
which is practically free of non-cellulosic substances. Thus, in isolated 
cellulose certain groups may be altered from the form which they 
possessed when still combined with groups of non-cellulosic substances. 
It is also possible that in cellulose, while it is still in the plant, opposing 
hydroxyl groups of the parallel chains, besides being associated through 
secondary valences or through hydrogen bridges, are in actual chemical 
comlnnation at occasional points along the chains. Again, on isolation 
and purification, such cross linkages may undergo cleavage. Moreover, 
as yet no means are available which would permit isolating cellulose 
from its various sources without hydrolyris of a smaller or greater 
number of glycosidic linkages of the individual chains. As a result, 
isolated cellulose very likely possesses a shorter average chain length 
than cellulose in the plant. Finally, on isolation and purification, 
oridation may take place and thus give rise to a further diange of 

* The tenu fiber is now need for all forma. 
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certain groups in the isolated product. Since almost all cellulose reactions 
have been and are tmdertaken with isolated cellulose, a discussion of 
these reactions and their evaluation will necessarily refer to cellulose as 
the isolated substance, unless otherwise stated. 

In dealing with the chemistry of cellulose we cannot afford to neglect 
eiiiier its microscopic and submicroscopic morphological structure or, 
as a result of its high-polymeric character, its colloidal nature as mani- 
fested in its solid form as well as in dispersions and solutions. On the 
contrary, these peculiarities call for close condderation for they cause 
the reactions which cellulose imdergoes to take a more or leas heterol 
g^eous course and usually to proceed at a relatively slow rate. On tha 
other hand, its fibrous structure and its colloidal nature explain the| 
enormous utility of cellulose for a great variety of purposes. 

Cellulose may be obtained from any plant. The process of isolation, 
whether carried out in the laboratory or in commerdal practice, is 
always the same in principle; that is, the raw materials are subjected to 
agents which are expected to dissolve or destroy the non^iellulosic 
substances but to have as little effect as possible upon the cellulose 
itself. The chief commercial raw materials are cotton, flax, and hemp 
for the textile industry, and the various species of wood for the pulp 
and paper industry. Cotton, in the form of cotton linters, also serves 
as raw material for the manufacture of cupranunonium and acetate 
rayon as well as for the preparation of most of the cellulose esters and 
ethers, but the viscose rayon industry uses wood pulp almost ex- 
clusively. 

Whereas the smalt percentage of impurities is relatively easily 
mnoved from the cotton fiber, the isolation of cellulose from wood 
requires a far more drastic treatment. The separation of cellulose from 
lignin, the other main constituent of wood, may be accomplished by 
the treatment of wood either with a combination of calcium or sodium 
bisulfite and sulfurous acid (sulfite process) or with sodium hydroxide 
alone (soda process) or in combination with sodium sulfide (sulfate 
process). These treatments are carried out under pressure and at 
elevated tempmnture and are followed by processes of bleaching with 
chlorine and alkali hypochlorite. The wood pulp thus obtained may be 
further purified by extraction with sodium hydroxide solution whereby 
the percentages of norr-cellulosic carbohyitotes, such as pentosans 
(xyten), hexosans (mannan), and short-chain cellulose ixraterial (beUir 
and ptmtmo-cellulose), are further reduced and the peeentage of long- 
ehun oeUidose material (alpAo-oellulose, characterise by its reastance 
to 17 to 18 per cent sodium hydroxide solution) is correspondingly 
increased. 
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The poiest celluloBe, which as “standard cellulose”* is used for 
experimental studies, may be obtained from raw cotton. After fat, 
wax, and other soluble impurities have been ranoved by extraction with 
organic solvents, the residue is freed of other nonKsellulosic substances, 
such as pectin, by earful treatment with dilute alkali, and, after wash- 
ing, is bleached slightly with hypochlorite or other bleaching agents. 

Small amounts of cellulose occur in certain animal tissues 
PhdUusia mamtmUaris), from which a type of animal cellulose, tunidn, 
may be obtained. Tunidn has been found to be identical witb cotttm 
cellulose.^ As a material in which the chain molecules reveal particulariy 
pronounced paralld orientation, it has often been used in comparative 
x-ray studies.’ 

Tlie now generally accepted concept of the chemical constitution of 
the cellulose chain molecule, which is presented in Fig. 1, is the result of 



more than one hundred years of research on the behavior of cellulose 
with the most varied treatments. The reactions in question resemble 
those which are observed to occur with the simple sugars. Since, how- 
ever, of the reducing, groups of glucose, all but one (the one terminating 
unit of the open chain) are involved in the ^yeoddic linkings between 
individual glucose anhydrides, cellulose lacks the pronoimced reducing 
power of most of the sugars, and its chief reactions are a result of its 
hydroxyl groups. As the formula shows, all ^ucose anhydrides except 
one (the other temunating unit) possess three free hydroxyl groups, one, 
in the 6-position, being of primary nature, and those in the 2- and in 
the 3-positions of secondary nature. The terminating unit which 
possesses four free hydroxyl groups has the additional hydroxyl group 
in the 4-posrtion. 

The free hydroxyl groups in cellulose react as in alcohohi to form 
addition compounds with alkalies and certain complex salts. Under 

* This is the American Chemical Society method. See Corey and Gray, Jnd. Eng. 
Ch0m., W, 863, 1180 (1924). See, also, Schwalbe, Papier-Fabr., 94. 769 (1926); Womer 
and Maeae, /. Reaeareh Nad. But. iStondorda, 91, 609 (1938). 

^ Winteretein, Bet., 96, 362 (1893); Abderhalden and Zempl4n, Z. phywA. Chm., 7% 
58 <1911) ; Zedhmeieter and T61&, ibid., 918, 267 (1933). 

* Hmog and Qonell, Z. phytiol. Ckam., 141, 63 (1914). 
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special conditions, they also react with sodium metal to form compounds 
comparable with the simple alcoholates (alkoxides). Furthermore, the 
hydroxyl groups of cellulose react to form esters and ethers, and, on 
oxidation, are converted stepwise into aldehydic and carboxylic groups. 
In all these reactions cellulose behaves as an aliphatic polyalcohol. 

Unless rigid precautions are taken, the introduction of new groups as 
well as oxidation are accompanied by hydrolytic attack of the glycosidic 
linkages which results in a ^ortening of the chain molecules. However, 
the chains obviously are long enough to endure frequent cleavage beforo 
they lose their polymeric and hence their cellulosic character. I 

The aggregate of chain molecules which comprises the cellulosic subA 
stance may not consist exclusively of glucose anhydride chains. Under \ 
certain conditions cellulose carefully isolated from the plant reveals the 
presence of carboxylic groups, which may be interpreted to mean that 
nature has oxidized the free reducing groups or even some or all of the 
primary alcoholic groups of some of the chains in the micelles. Oxidation 
of all the primary hydroxyl groups in a glucose anhydride chain would 
result in the formation of polyglucuronic acid. In a second phase nature 
might convert polyglucuronic acid into xylan by way of decarboxylation. 
Thus cellulose as it exists in the plant may contain some polyglucuronic 
acid and some xylan chains. The possible occurrence of such biochemical 
processes is suggested by the fact that both polyuronic acids and xylan 
are found to be associated with cellulose in many plants. It might also 
explain the difficulty of freeing cellulose, prepared, for example, from 
wood and cereal straw, entirely of the two compounds without breaking 
down the cellulosic constituent to a considerable extent. 

Complete hydrolysis of cellulose yields glucose only. With the 
reservation that some of the glucose is destroyed under the influence of 
the hydrolyzing acid and some undergoes reversion, the yield approaches 
the theoretical. On gradual and carefully controlled hydrolysis or 
acetolysis (i.e., hydrolysis with simultaneous acetylation) a number of 
oligosaccharides, which consist of six, four, and three glucose anhydride 
units, may be obtained before the chains break down to the disaccharide, 
cellobiose, and to the end product, glucose. Whereas it has not yet 
been possible to unite glucose anhydride molecules to form chains con- 
taining more than three members by conunon laboratory methods, long 
glucose anhydride chains result from simple sugars by enzymic synthesis. 
The product of reaction, bacterial cellulose (B-cellulose) has been found 
to possess the molecular and submicroscopical structure of natural 
plant cellulose.* 

^Hibbert and Barsha, Can. J. Research, 5, 580 (1031); Clark, **Applied X-Rays,** 
M«Graw-Hill Book Co., New York (1940), 3rd ed., p. 605. 



CARBOHYDRATES III— CELLULOSE 


1669 


The condensed formula of cellulose is usually written as (C6Hio06)n. 
On the assumption that the chain is open and thus possesses two termi- 
nating units which are different from the rest, the condensed formula 
should be written thus: 

CeHiiOe — [CeHioOsln — CeHnOs 

Cellulose possesses a high molecular weight. On the assumption 
that cellulose is represented by a system of polymeric molecules without 
side chains its molecular weight corresponds to the number of glucose 
anhydride units of the chain molecules multiplied by the molecular 
weight of the unit (162). The number of units, that is the number of 
times the building unit repeats itself in the chain molecule, is termed 
the degree of polymerization. Since the chains constituting the cellulose 
substance are not all of the same length, there can be only an average 
degree of polymerization and an average molecular weight. 

A simple and approximate assessment of the degree of polymerization 
of cellulosic materials may be made by determining their solution 
viscosities. The viscosity decreases with decreasing degree of poly- 
merization and may thus be used for recognizing and controlling the 
amount of degradation which cellulosic materials undergo during the 
various steps of isolation, purification, conversion into derivatives and 
during other reactions. This and other methods of determining the 
molecular weight of cellulose will be discussed later. 

THE FORMATION OF ALKALI CELLULOSE AND CELLULOSATES 

Caustic soda solution containing about 18 per cent sodium hydroxide 
by weight exerts a considerable swelling effect upon cellulose, an effect 
which is commercially utilized in the process of mercerization. This 
phenomenon is distinctly exothermic, and it seems likely that, under the 
conditions of mercerization, the two components combine to form a 
definite chemical compound. Its composition may be either (C6Hi606)2 • 
NaOH or CeHioOs-NaOH,* deijending upon the method of analysis 
applied. The compoimd is termed alkali cellulose or, more exactly, 
sodium hydroxide cellulose. 

The combination of two, or one, glucose anhydride units with only 
one molecule of sodium hydroxide has its parallel in the behavior of a 
number of simple alcohols, polyalcohols, and polyhydroxy compounds 
with metal hydroxides. Thus, for example, glycerol, erythritol, man- 
nitol, and dulcitol, as well as di- and monosaccharides combine with 

* This formula expresses the fact that the compound contains one molecule of sodium 
hydroxide per iducose anhydride unit of the cellulose chain. In this and like formulas 
throui^out the chapter, the polymeric natuie of the cellulose portion is implied. 
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metal hydroxides in varying proportions to form addition compounds 
which may be regarded as comi^ex compounds in the Werner sense. 
Whether the addition of sodium hydroxide to cellulose is governed by 
the same laws which seem to control the combination in the case of the 
simpler alcohols and sugars, is a question which is difficult to decide. 
In view of the complex nature of the cellulose s3rstem, its combination 
with alkali is more probably a matter of accessibility of hydroxyl groups. 
On the assumption that about half of the hydroxyl groups of the system 
are exposed on the surfaces of the micellae or chain bundles whereas 
the other half are concealed in the interior of the micellar system,^ it is 
conceivable that the hydroxyl groups on the surface react first. If the 
reaction, as is actually the case, comes to a standstill, it is possibly be4 
cause all the surface hydroxyls are covered. On this assumption, the' 
formula, in which one molecule of sodium hydroxide corresponds to two \ 
glucose residues, might well be interpreted to indicate that such a type of 
surface reaction takes place and that the components are present not in a 
stoichiometric but rather in a pseudostoichiomctric proportion. 

The reaction between cellulose and strong sodium hydroxide solution 
may also be looked upon as comparable to alcoholate formation. 
This concept appears to derive support, although indirectly,, from the 
so-called viscose reaction, i.c., the conversion of alkali cellulose into 
sodium cellulose xanthate (see later). This reaction, in its turn, appears 
to be analogous to the formation of sodium ethyl xanthate from sodium 
hydroxide dissolved in ethanol or from sodium ethoxide as such and 
carbon disulfide. As a matter of fact, metallic sodium dissolved in 
liquid ammonia reacts with cellulose with the liberation of hydrogen 
to form sodium cellulosates in which one, two, or three hydrogen atoms 
per glucose residue are replaced by sodium.* 

It is interesting to note that the mercerizing effect usually secured at 
about 20° with a 17-18 per cent caustic soda solution is obtained at lower 
temperatures with less concentrated solutions; for example, at —10“ a 
concentration of 6.5 per cent suffices. Whether the low-temperature 
combination leads to the same alkali compound as under normal condi- 
tions cannot yet be answered with certainty. 

The theory of a number of investigators that the reaction between 
cellulose and sodium hydroxide is one of simple adsorption according to 
purdy phyrical laws * is not verified by x-ray analysis (p. 1709), for in 

^ Mqw, Z. ungBU). Chan., 41, 93fi (1B2S) ; Mark and Meyer, CdMotedtan., 11, BB 
(IBaO). 

* Sohem and Hussey, J. Am. Chan. 8oe., BS, 2344 (1B31) ; Schoricin and Makarowa- 
Semljawtoja. Ber., M, 1713 (1B36). 

*Baner^ and Calkin, J. Phyt. Chem., 39, 1 (1B36); CaUdn, "CoUdd Sympodum 
Monograpli” (1336) ; /. Phyi. Chan., 40, 83 (1B36) ; Bancroft, ibid., 40. 44 (1B36). 
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following the reaction, udng sodium hydroxide of increasing concentra* 
tion, x-ray analysis shows that true adsorption is encountered only below 
a concentration of about 9 per cent. Below this concentration the x-ray 
pattern of the fiber remains unchanged, but with increasing concentra- 
tion the diagram begins to change and cbows a very dislinct alteration at 
a concentration in the nei^borhood of 17 per cent.'' 

Alkali celluloses may also be obtained with the hydroxides of 
potassium, lithium, cesium, and rubidium. Cellulose combines with 
the first two in the same proportion as with sodium hydroxide, but it 
takes up less alkali hydroxide in the case of cesium and rubidium. It 
is interesting to note that each hydroxide shows its maximum swelling 
effect upon cellulose at a definite concentration. This effect follows the 
order of the Hoffmeister series, i.e., it is greatest with lithium hydroxide, 
less pronounced with sodium and potassium hydroxide, and smallest 
with cesium hydroxide, and in each instance the maximum coincides 
with that concentration of the hydroxide solution at which formation 
of the alkali cellulose compound occurs.^ This coincidence shows the 
beneficial effect which is realized if cellulose is made to swell, its reac- 
tivity being increased contiderably. In some cases, a certain degree of 
swelling is indispensable for enabling the reagents to penetrate even the 
surface of the fiber. 

Alkali cellulose is very unstable, being easily decomposed by water 
into its components. The cellulose is regenerated with a number of its 
physical properties changed. The term “cellulose hydrate” for the 
regenerated (mercerized) .cellulose is derived from the earlier conception 
that the cellulose is regenerated from alkali cellulose with one molecule 
of water chemically combined. This, however, is not the case. The 
physical changes, due principally to swelling under the influence of 
alkalies, are indicated particidarly by increased hygroscopicity, greater 
absorptive capacity for dyestuffs, and greater reactivity in general, pro- 
vided that the cellulose hydrate is not subjected to much drying. This 
increased reactivity of celluiose hydrate has also been demonstrated by 
the int^ified action of enzymes, such as cellulase, which leads to the 
formation of glucose.* 

. As stated before, the physical changes are also reflected in the x-ray 
diagram of the cellulose hydrates; the lattice appears sli^tly deformed 

^ Katz and Mark, Z. Elektrochem,, 81, 105 (1925) ; Katz and Vieweg, ibid., 81, 157 
(1925) ; V. Susich and Wolff, Z, physik. Chem., B8, 221 (1930) ; Sohramek and Schubert, 
Z. phyaik, Chem., B18, 462 (1931). 

* Heuzer and Bartunek, CeUtUoaeehem., 6, 19 (1925). 

* Karrer and llUng, Helv. Chim. Acta, 8, 245 (1925) ; Karrer, Schubert, and Wehih, 
«»id.,8,797(1925). 



1672 


ORGANIC CHEMISTRY 


and widened, which might explain the greater reactivity of cellulose 
hydrate in comparison with native cellulose.^® 

The same physical changes are observed in all cellulose preparations 
which are obtained by regeneration, for example, from solutions of cellu- 
lose in cuprammonium hydroxide and from esters. In the latter case, how- 
ever, the extent of the changes depends upon the method of esterification. 

The mercerizing effect (i.e., the phenomenon in its physical aspect) 
is also obtained by allowing strong inorganic acids, such as concentrated 
sulfuric or nitric acid, to act upon cellulose for a short time. Here againi 
the result is due to the swelling effect which these acids exert. f 

From x-ray analysis various types of alkali cellulose seem to exist! 
and by certain treatments it has been possible to revert the regenerated\ 
cellulose, i.e., the hydrate modification, into its original native form.^^ 

A number of strong organic bases, such as trimethylsulfonium hy- 
droxide and guanidinium hydroxide and quaternary ammonium bases,'* 
as well as ammonia,'* also combine with cellulose in varying proportions. 
Some of the quaternary ammonium bases such as, for example, trimethyl- 
benzylammonium hydroxide are able to dissolve cellulose.'^ 

Cellulose, steeped in sodium hydroxide solution of mercerizing 
strength and freed of most of the excess alkali by pressing or centrifuging, 
undergoes certain chemical changes when allowed to stand for a longer 
period of time. These changes which are grouped under the term 
“aging'' chiefly consist of a decrease in the solution viscosity of the 
regenerated cellulose, e.g., in cuprammonium solution, and an increase 
in the solubility of the regenerate in an 8 per cent caustic soda solution.'* 
Besides, the reducing power first increases, then decreases, while the 
methylene blue absorption, being indicative of the presence of carboxylic 
groups, increases. These changes and the fact that they are much less 
pronounced when aging takes place with the exclusion of air and are more 
marked when oxygen is given access, indicate that aging is a process of 
oxidation.'* 

Mark, **Fh3r9ik und Chemie der Cellulose,’* Springer, Berlin (1932), p. 215; Sisson, 
J. Phys. Chem., 40, 343 (1936) ; J. Am. Chem. Soc., 68, 1635 (1936) ; Mark and Kratky, 
Z. physik. Chem., B36, 130 (1937). 

Hess and Gundermann, Ber., 70, 527 (1937) ; Sobue, Kiessig, and Hess, Z. physik, 
Chem,, B43, 309 (1939) ; see also Schramek and Ktittner, Kolloid-Beihefte, 42, 331 (1935). 

Dehnert and Konig, CeUidosechem., 6, 1 (1925) ; Sisson and Saner, J. Phys. Chem., 
43,687 (1939). 

Barry, Peterson, and King, J, Am. Chem. Soc., 68, 333 (1936) ; Clark and Parker, 
J. Phys. Chem., 41, 777 (1937) ; Hess and Trogus, Ber., 68, 1986 (1935). 

lieser, Ann., 688, 276 (1937) ; Bock, Ind. Eng. Chem., 89, 985 (1937). 

Heuser said Schuster, CeUvlosechem., 7, 17 (1926) ; Waentig, KoUoid^Z., 41, 154 
(1927). 

Weltsien and sum Tobel, Ber., 60, 2024 (1927) ; Lottermoser and Schwars, KolUnd^ 
Beihefie, 48, 408 (1935) ; Davidson, J. Textile In^., 88, T95 (1932) ; ibid., 89, T27 and T215 
(1938), 
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Both the decreased viscosity and the increased solubility of the aged 
alkali cellulose show that oxidation has led to cleavage of glycosidic link- 
ages, i.e., the chain molecules have been shortened. Since very little 
oxygen is required for changing the viscoaty and solubility conader- 
ably, it is likely that oxidation attacks the chains at the center rather 
than at the ends.^^ On the assumption that primary valence cross 
linkages exist between individual chain molecules, it is possible that part 
or all of these cross linkages are also broken down either prior to or simul- 
taneously with the attack upon the glycosidic linkages. 

The effect of aging is appreciable only if the aqueous alkali used 
approaches mercerizing strength. Under these conditions cellulose swells 
considerably and acquires, thus, a highly reactive state. Whether the 
high alkali concentration is also essential for other reasons cannot be 
said with certainty. On the other hand, the aging effect is much reduced 
if cellulose is allowed to stand merely covered with strong aqueous 
alkali. Obviously, the layer of liquid prevents the air from entering 
the fiber from the outside. Besides, under these conditions, the micro* 
scopic and submicroscopic capillaries of the fibrous 83rstem are filled 
with liquid which prevents atmospheric oxygen from attacking the 
inner surface of the fiber or delays this process conaderably. 

Hot alkalies do not exert the mercerizing effect; they dissolve 
cellulose partly or completely, depending upon concentration, temper- 
ature, and pressure. On complete solution at high temperature and 
under high pressure, a variety of decomposition products of various 
sugars results, among winch is found principally lactic acid.“ W. L. 
Evans and his school have thrown much light on the mechanism of alka- 
line degradation of simple sugars and various di- and oligosaccharides.^’ 
Fusion of cellulose with solid alkali hydroxide results in far-reaching 
degradation. The chief product, as has been known for a long time, is 
oxalic acid. The mechanism of this reaction has been studied more 
recently by Fry and Otto.” 

Staudinger and Husemannt Ber., 71 , 1059 (1938) ; Staudinger and Juriack, Ber., 71 , 
2283 (1938). 

Od6n and Lindberg, Ind. Eng, Chem,, 19 , 132 (1927) ; Heuser, Paper Trade 89 , 
No. 26, 67 (1929). 

Evans and collaborators, J, Am, Chem, Soc,, 58 , 4384 (1931); 64 , 698 (1932); 
Plunkett and Evans, ibid,, 60, 2847 (1938). See, also, Spengler and Pflannenstael, Angew, 
Chem,, 48 , 476 (1936). 

Try and Otto, J. Am. Chem. Soc., 60, 1138 (1928). 
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CRPRAHHOmUM CELLULOSE 

Cellulose first swells considerably, then disperses (dissolves) in a 
solution of cupric oxide in anunonia. This solvent, called “Schweizer’s 
reagent” or “cuprammonium” solution, is one of the very few solvents 
for cellulose from which it may be regenerated practically unchanged 
chemically, provided that air and light are excluded. 

It will be remembered that the complex base, copper-tetraammino 
hydroxide [Cu(NH3)4(OH)2], contained in the cuprammonium solutiom 
reacts with some polyalcohols like glycerol to form complex compounds. 
Cellulose, too, is capable of forming a complex addition compoimd with 
the base, in which possibly two glucose units react with one copper atom^ 
to form a cellulosate, which then unites with one molecule of copper- 
tetraammino hydroxide to form copper-tetraammino copper cellulose. 
The result of tins reaction may be expressed by the hypothetical for- 
mula [(CeHgOslaCu] • [Cu(NH 3)4]. In this compound the portion 
[(C6H80 s)2Cu] represents a complex anion, showing a ratio of cellulose 
(glucose units) to copper of 2 : 1 . 

Cellulose in cuprammonium solution shows pronounced levorotation 
which, according to Hess and Messmer,^ is due to the presence of the 
complex cellulose copper anion. A change of the rotation value indicates 
a change in the concentration of this optically active anion. Evaluation 
of the experimental data in accordance with the law of mass action makes 
a 1 : 1 ratio of cellulose to copper in the complex anion probable. There- 
fore, the complex cellulose copper compound as it exists in solution has 
been given the formula [C6H70sCu]2 • [Cu(NH3)4]. It has not yet been 
posable to isolate this compound. However, if instead of copper-tetra- 
ammino hydroxide, copper-ethylenediamine hydroxide is used, which, 
as Traube^ has shown, also dissolves cellulose, a complex compound 
may be isolated. Analysis of this compound justifies the formula 
[(CeH 805 ) 2 Cu] • [Cu(En)2] in which “En” represents ethylenediamine 
and which shows that in the hypothetical copper-tetraammino formula 
the four ammonia molecules are replaced by two ethylenediamine mole- 
cules. 

Both the copper-tetraammino and the coppen«thylenediamine 
compound form complex metal salts. With sodium hydroxide, for 
example, a compound of the formula [(CeH803)3Cu]-Na2 is obtained 
which, alter its discoverer, is also known under the term “Nonnann com- 

» H«m tmd Menmer, Ber., S4, 834 (1021) ; U, 2441 (1922) ; 56. 687 (1928) ; Z. phytik. 
Chtm., 145, 430 (1920) ; we, also. Hew, “Die Cbemie der CeUulow,” Akad. Verlage-Gee. 
Ldpeig (1928), p. 294. 

» Ttwtbe, Rer., 44, 3319 (1011) ; IVaube and Funk, Far., 69, 1476 (1936). 
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pound.” *• Corresponding compounds are formed with the alkaline earths 
and with thallium nitrate.^ 

Cellulose may he regenerated from its solution in cuprammonium 
hydroxide by means of alcohols, dilute acids, ammonium chloride, and 
many other salts, as well as by alkalies. No chemical change can be 
recognized, provided that regeneration is brought about not too long 
after dissolution and that the dissolution took place with careful 
exdumon of oxygen (air) and light.** In the presence of air, cellulose dis- 
solved in cuprammonium solution is very sensitive and undergoes partial 
oxidation. This change, which is enhanced by light and which under 
these conditions becomes measurable after only a few minutes, is indi- 
cated by a decrease in the viscosity and an increase in the solubility of 
the regenerate in 8 per cent caustic soda solution. 

Cupranunonium solution, because of its pronounced solvent power 
upon cellulose and the fact that it does not degrade it if proper pre- 
cautions are observed, is the most suitable solvent for any cellulose 
preparation the viscosity of which is to be determined.** 

Cellulose may also be dissolved in solutions of a number of electrolytes, 
particularly in those which exert a pronounced swelling effect upon it, 
as, for example, the thiocyanates. Usually, an elevated temperature is 
required to achieve dissolution, and the cellulose is more or less de- 
graded.** Eecently some mineral acids (particularly phosphoric add) 
have been described as good actual solvents for cellulose, when used \dth 
proper precautions.** The use of quaternary ammonium bases as sol- 
vents has been mentioned.before.“ 

Normann, CAem. Ztg.^ 30, 584 (1906) ; Hess and Messnier, Her., 66, 2432 (1922) ; 
Traube, Her., 66, 1899 (1922) ; Heuser and Br5tz, Papier-Fabr,^ 26, 238 (1927) ; Hess and 
Trogus, Z. physik, Chem,^ A146, 401 (1929). 

Traube and Funk, Her., 69, 1476 (1936). 

’^Scheller, Melliand TextHber.^, 16, 787 (1935); see, also, Heuser, **Lehrbuoli der 
Cellulosechemie,** Borntraeger, Berlin (1927) 3rd ed., p. 176; Staudinger, “Die hochmole- 
kularen organischen Yerbindungen,*’ Springer, Berlin (1932), pp. 494, 495; Bancroft and 
Ramsay, paper presented before the American Chemical Society Meeting at Pittsburgh, 
September, 1936. 

^ Standard method suggested by the American Chemical Sodety, Cellulose Division, 
Jnd. Eng, Chem., Anal, Ed,, 1, 49 (1929) ; Dor6e, “The Methods of Cellulose Chemistry,’* 
Van Nostrand, New York (1933), p. 52. 

^ von Weimarn, KidMdrZ,, 11, 41 (1912) ; 29, 197 (1921) ; 36, 103 (1925) ; Steingroever, 
CeUuloaechem,, 8, 37 (1927) ; Hersog and Beck, Z, physiol, Chsm,, 111, 287 (1920) ; Herzog, 
KoUoidrZ,, 39, 98 (1926) ; Staudinger, “Die hochmolekularen organischen Verbiiidungea,*’ 
p. 492; Erbring and Geinita, KoUoidrZ,, 84, 25 (1938). 

n g| Ekenstam, Her., 69, 549, 553 (1936). 
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CELLULOSE ESTERS 

Just as an alcohol undergoes esterification with an acid in the 
presence of a dehydrating agent or by the action of an acid chloride, 
so cellulose may be converted into esters. It has not always been 
possible to convert all three hydroxyls into ester groups, and esterifi- 
cation may arrest itself at two hydroxyls and sometimes even at one. 
Again, such a course of the reaction is due to the peculiarities of the 
microscopic and submicroscopic structure of the fiber which causes 
the hydroxyl groups of the chain bundles to be not equally accessiblk 
Moreover, the fact that the three hydroxyl groups available in eacn 
glucose residue are not equivalent may also influence the course of th^ 
reaction. To facilitate the access of the agents and thus to complete 
the reaction withiil reasonable time, esterification is allowed to take 
place in the presence of swelling agents such as a strong mineral acid or 
certain salts. In commercial practice these agents are known as 
‘‘catalysts.’’ Under such conditions, however, cellulose becomes con- 
siderably degraded, particularly if esterification is allowed to take place 
at elevated temperature. The result of esterification, then, is a mixture 
of molecules of greater and smaller chain length, among which the 
esters of even oligosaccharides, cellobiose, and glucose may be found. 
If degradation is to be avoided, the use of degrading swelling agents 
must be omitted, in which case a very long time is required for complet- 
ing the reaction. 

The ceUulose esters are soluble in organic solvents, each ester having 
one (or more) most suitable solvent or mixture of solvents depending 
upon the balance of polar and nonpolar groups present in the ester and 
similar groups present in the solvent or solvent mixture.^® The extent to 
which the esters dissolve may often be used as an indication of both the 
degree of substitution and the degree of polymerization. The viscosity of 
the solution is dependent primarily upon the extent of degradation which 
the cellulose has undergone on esterification, low viscosity indicating a 
far-reaching degradation, and vice versa. In addition, the degree of 
substitution may be a governing factor. 

The cellulose esters, like aliphatic esters, yield to saponification, 
whereupon cellulose and acid are obtained. Sometimes it is possible to 
r^nerate the cellulose without further degradation, and in this case 
an investigation of the regenerate (e.g., by determining its viscosity in 
cuprammonium solution) shows how much degradation the cellulose 
has suffered during esterification. 

M Hig^eld, Tram, Faraday Soc., 22 , 57 (1926) ; Z. phyHk, Cham,, 124 , 245 (1926). 
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Cdhdose nitrates (nitrocellulose, nitric add esters) may be obtained 
by treating cellulose with a mixture of nitric and sulfuric add or other 
mineral adds containing a certain percentage of water, at a temperature 
preferably not higher than 40°. The reaction may be expressed by the 
following equation: 

C6H»040H + HONO2 C#H»040N0s + HjO 

Of the factors governing the process, the water content of the add 
mixture is of predominating influence upon the characteristics of the 
nitrocellulose, particularly upon its nitrogen content and its solubility 
in certain solvents, such as ether-alcohol mixtures. The use of higher 
temperature, although being of favorable influence upon the velodty of 
reaction, would be detrimental, considering the fact that the add mixture 
not only brings about esterification but at the same time exerts a hydro- 
lyzing and oxidizing effect upon cellulose; besides, the acid tends to 
hydrolyze the ester. The results of the side reactions are impurities 
which have to be removed in order to obtain a stable ester. Purification 
(“stabilization”) may be accomplished by boiling the nitrate with water 
for many hours. This treatment also removes the residue of sulfuric 
add present in the unpurified nitrate in the form of cellulose sulfates. 
On standing, the sulfates tend to become hydrolyzed, and the presence 
of free sulfuric acid gives rise to decomposition of the nitrate. Drying 
of nitrocellulose should be avoided, since it is easily inflammable. The 
hi^er nitrates, if detonated by a blow or by the aid of mercury fulminate, 
are highly explosive. 

The nitration add displays its maximum power of substitution if the 
nitric add is present as a 100 per cent HNO3. The dehydrating proper- 
ties of sulfuric add arc utilized in the acid mixture for approaching this 
concentration of the nitric add since the sulfuric add takes up both the 
free water in the system and the water formed on reaction. Although 
nitration may be accomplished by water-free nitric add,*® water is used 
for maintaining a high acid ratio (efficient diffusion) in a more economi- 
cal way. 

Sulfuric add may be replaced by phosphoric or by ^dal acetic 
acid.*® Phosphoric add has been foimd to yield cellulose trinitrate of the 
theoretical nitrogen content, 14.17 per cent, C 6 H 702 ( 0 N 02 ) 8 , which is 
not obtainable with sulfuric add as ^ dehydrating agent because of the 

*°Kogovlxi and Tichonow, CelliUoaechem,, 1S» 102 (1934); Dalmon, Ch6din, and 
Brisflaud, Compt, rend,, 201, 604 (1935). 

Lunge and Weintraub, Z. angew, Chem,, 12 , 445 (1899) ; Berl and Rueff, CetMoiB* 
c5em., 14 . 115 (1938). 

» Trogus, Ber., 64 , 405 (1931). 
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tendency of the latter system to establish equilibrium between esterifica- 
tion and hydrolysis. 

The products of the lower stages of substitution, which are of com- 
mercial interest, may be prepared by increasing the water content of 
the acid mixture over that required for preparing the trinitrate.** 

On nitration cellulose retains its fibrous structure, for the nitration 
reaction proceeds at a rather fast rate and thus prevents the acids from 
peptizing and dispersing the fiber. In addition, the entry of a nitrate 
group stabilizes the cellulosic constituent against degradation. Th0 
velocity of reaction, which sometimes may require only seconds for 
reaching a relatively high nitrogen content, would permit the conclusiom 
that the reaction advances quickly through the entire inter- and intra-* 
micellar structure of the fiber in a ‘'permutoidar^ fashion. This type 
of reaction seems to lead to a rather uniform distribution of nitrate 
groups over all chain molecules. However, the incompletely nitrated 
product is evidently not a mixture of individual mono- and disubstituted 
with trisubstituted cellulose, for it has not been possible to separate an 
incompletely substituted nitrate into fractions of substantially different 
nitrogen content. 

By analogy with results obtained in the methyl glucoside series only 
nitrate groups in the sixth position are considered to be replaced by 
iodine when nitrocellulose is subjected to the action of anhydrous sodium 
iodide.*^ When this reaction was allowed to take place with low-substi- 
tuted nitrates (2.5-6.! per cent nitrogen content) it was found that at 
least 44 per cent of the nitration had occurred in the 6-position. This 
result might be interpreted to mean that the primary alcohol groups of 
cellulose react at a faster rate than the secondary groups. 

In contrast to the constancy of the nitrogen content, nitrocellulose 
fractions which may be prepared according to various techniques vary 
considerably as to viscosity and other physical properties, which shows 
nitrocellulose to be rather heterogeneous in respect to chain length. 
The degree of homogeneity is a commercially important characteristic 
since it influences the properties of the products (films, etc.) prepared 
from nitrocellulose.** 

With nitric acid of lower concentration (62-68.6 per cent) than 
required for nitration (75-77 per cent), cellulose forms an addition com- 
pound which, because of its discoverer, is called ‘‘Knecht^s compound’’ 
and which has been given the formula C6Hio06-HN03*H20. Its first 
appearance may be observed by x-ray photography.** 

AndreM, and Eacales, Kumtsloffe, 27, 23 (1937). 

** Munay and Purvea, J, Am. Chem. 8oe., 22, 3194 (1940). 

** Spurlin, Ind. Eng. Chem., 80, 833 (1938). 

» Trogud, CeOvloteehem., U, 104 (1934). 
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X-ray analysis also allows the process of nitration to be followed to 
a certain extent. Obviously, only the trinitrate possesses an ordered, 
i.e., crystalline, lattice structure whereas the intermediate stages are 
capable of yielding only an amorphous pattern.’^ 

The nitric acid esters may be hydrolyzed by means of strong sulfuric 
acid. The inorganic group is quantitatively regenerated as nitric acid, 
while the cellulose is largely degraded. Such degradation also occurs 
with most of the other methods in which the nitrogen may be liberated 
as such, or in the form of nitric acid, nitric oxide, or other nitrogen com- 
pounds. 

On saponification with aqueous alkali, whereby most of the nitrogen 
is recovered as nitrite, the cellulose becomes oxidized by the oxygen of 
the nitrate groups.** However, with potassium or ammonium hydrosul- 
fide which also convert all the nitrogen into nitrite, cellulose emerges 
with somewhat less degradation.*® 

Nitrocellulose is used commercially, among other purposes, for the 
manufacture of smokeless gun powder, in films for motion pictures, and 
for plastics, such as celluloid, which is a mixture of nitrocellulose and 
camphor. The manufacture of rayon from nitrocellulose was abandoned 
in this country a few years ago. Rayon from nitrocellulose was the 
first artificial cellulose fiber commercially produced (Count de Char- 
donnet, 1884). 

In regard to cellulose sulfates the reader may be referred to the litera- 
ture references below.^® 

Cellulose acetates are usually obtained on treatment of cellulose with 
a mixture of acetic.anhydride and glacial acetic acid in the presence of 
agents which exert a marked swelling action upon cellulose. The 
acetic acid acts as a diluent and solvent for the acetate. Sulfuric add, 
sulfuryl chloride, zinc chloride, perchloric acid, and many other “cata- 
lysts'' may be used. Simultaneously these agents exert a degrading 
effect upon cellulose, which is enhanced at elevated temperature. Under 
the influence of the reagents cellulose gradually loses its fibrous structure, 
passing into the state of a thick paste and finally into a viscous dispersion 
(solution). After acetylation is completed, the solution is poured into 
water whereby the adds and most of the water-soluble products of 
degradation are removed and the acetate is obtained in the form of white 

Siason, Ind. Eng. Ckem., 30, 530 (1938). 

•• Kenyon and Gray, J. Am. Chem. Soc., 58, 1422 (1936). 

•• Raaaow and D5rr, J. proki. Chem., 108, 113 (1924) ; Staudineer and Mohr, Ber., 
70, 2306 (1937). 

**Heaaer, **Lehrbuch der Cellulosechemie,*' p. 64; Traube, Blaoer, and Gninert, Ber., 
61, 764 (1928) ; 65, 603 (1932) ; Gebauer-FCllnegg, Stevens, and Dingier, Bcr., 61, 2000 
(1928). 
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flocks. When sulfuric add is used as "catalyst,” the ester still contains 
a certain, though small, amount of combined sulfuric add which, how- 
ever, is reduced to a fraction of a tenth of one per cent on boiling in 
water (“stabilization”). 

Glacial acetic add alone has very little effect on cotton cellulose at 
room temperature, but on boiling, a few per cent of acetyl groups may 
be introduced. This amoimt may be considerably increased with 
cellulosic materials of lower d^ree of polymerization and of greater 
reactivity."’ " , 

Under similar conditions acetic anhydride (without the presence of 
a catalyst) is more potent. Thus, it has been possible to prepare an 
acetate with 54 per cent combined acetic add from mercerized cotton^ 
cellulose by boiling with acetic anhydride for 580 hours." 

Although they retain their fibrous structure the products of reaction 
suffer a great deal of degradation under such severe conditions. 

Acetylation in the presence of “catalysts” proceeds at a condderably 
slower rate than nitration, the reaction being more of a topochemical 
nature." The intermediates which may be isolated after certain intervals 
during the earlier stages of esterification are mixtures of fully and partly 
acetylated chains with others not yet acetylated. However, as the mix- 
ture approaches the state of solution the reaction becomes more homo- 
geneous, and substitution proceeds more uniformly until the triacetate is 
reached. Thus, only the triacetate, after the water-soluble esters have 
been removed, may be regarded as uniform as far as substitution is con- 
cerned " (theoretically required for C 6 H 702 ( 0 C 0 CH 3 ) 3 , 44.8 per cent 
acetyl or 62.5 per cent combined acetic add). However, in all acetates 
which are prepared in the presence of auxiliary agents of the type men- 
tioned above, the cellulosic constituent is degraded to an average chain 
length far below that of the original cellulosic material. 

By diluting the acetic anhydride-sulfuric add mixture with benzene 
or carbon tetrachloride, i.e., liquids in which the acetate is insoluble 
and which obviate the swelling effect of the catalyst to a considerable 
mctent, the fibrous structure of the original cellulose is maintained. Thus 
a product suitable for making x-ray fiber diagrams is obtained and, as in 
nitration, acetylation may be followed by x-ray analysis of samples 
taken at intervals. As on nitration, the x-ray pattern of the original 
cellulose does not change until a rather high combined acetic add 
coni^t has been reached. This state is followed by the appearance of 

Crom, Bevan, and Traqiiair, Chem. Ztg., S9» 528 (1906) ; Malm and Clarke, J. Am. 
Chem. Soe., 61, 274 (1929). 

^ Bernoulli, Schenk, and Hagenbuoh, Helv. Chim. Acta, 13, 539, 550, 557 (1930). 

aKanamaru, ibid., 17, 1429 (1934). 

^Oat, Z, angevf. Chem., 83, 66, 76, 82 (1919). 
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a mixed cellulose-cellulose triacetate pattern which gradually gives way 
to the exclusive triacetate diagram. Another way of following the 
process of acetylatioh; also adaptable to nitration,^ is to observe the 
change in double refraction of the fibers undergoing esterification.^ 
Whereas the cellulose constituent in fibrous acetates prepared in 
the way indicated above is still degraded, although less than on acety- 
lation in solution, practically undegraded fibrous acetates may be 
obtained by omitting the sulfuric acid (or other degrading catalysts) 
and, instead, applying acetic anhydride alone, dissolved in pyridine.*® 
Incompletely substituted acetates with their acetyl groups more 
uniformly distributed than in products attainable by incomplete acety- 
lation may be obtained by “partial hydrolysis'^ * of the triacetate, for 
instance, with dilute mineral acids according to a process suggested by 
Miles for commercial purposes or by modifications thereof.*^ Such par- 
tially “saponified^' (“secondary") acetates (varying from 65 to 69 per 
cent combined acetic acid content) are soluble in acetone in contrast to 
cellulose triacetate which is insoluble in this cheap and practical solvent. 
From a commercial point of view, acetone-solubility is of considerable 
importance; it is essentially a function of the acetyl content but seems to 
be governed also by the distribution of covered and uncovered hydroxyl 
groups. By allowing p-toluenesulfonyl chloride to act upon a conuner- 
cial secondary acetate and by subsequent replacement of part of the 
tosyl t groups by iodine or chlorine, Cramer and Purves *® found that 
partial saponification involved the removal of acetyl groups from pri- 
mary and secondary positions in approximately the same proportion. 
On reacetylation a triacetate is obtained which again is insoluble in 
acetone. The introduction of tosyl groups into secondary cellulose ace- 
tate proceeds rather rapidly at first but slows down very definitely after 
some time. The application of the iodine reaction to a tosyl cellulose 
acetate which had been isolated at this point, i.e., after about one-third 
of the free hydroxyl groups of the secondary acetate had been tosylated, 
showed that at least 84 to 90 per cent of the imcovered hydroxyl groups 
of the secondary acetate were in the primary position. Possibly the 

** Mdhring, TTifis. Ind,^ 1, 70 (1923) ; Spence, J. Phys, Chem.t 43 , 866 (1939). 

Hess and Ljubitech, Rer., 61, 1460 (1928) ; Staudinger and Schweitzer, Ber„ 63, 3132 
(1930) ; Staudinger and Daumiller, Ann,, 689, 219 (1937). 

* In the German literature the term ^'saponification*’ is used regardless of whether the 
hydrolyzing agent is an aqueous acid or an aqueous alkali. 

Miles, U. S. pat. 838,360 (1904) ; Ost, Z. angew. Chern,, 38 . 66, 72. 82 (1919) ; 
E15d and Schrodt, Z, angew, Chem,, 44 , 933 (1931). 

t According to a suggestion by Hess and Pfleger, Ann,, 607, 48 (1933), “tosyl” is used 
as an abbreviation for p-toluenesulfonyl. 

^ Cramer and Purves, J, Am. Chem, Soe., 61, 3458 (1939) ; see, also, Cramer, Hockettt 
and Purves, Und., 61, 3463 (1939). 
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presence in a secondary acetate of a certain number of free primary 
hydroxyl groups is essential for causing solubility in acetone. 

The most common solvent for cellulose triacetate is chloroform or 
a mixture of chloroform and alcohol. Such a solution (as well as solu- 
tions of cellulose triacetate in tetrachloroethane and in pyridine) show 
optical levorotation, which, however, inverts into dextrorotation when 
acetylation is carried to the state of acetolysis.^® 

Complete hydrolysis, which may be brought about by means of 
adds or alkalies, regenerates the acetic acid (which may be determined 
analytically and the cellulose in a more or less degraded form, depend-l 
ing upon the agent used and the conditions chosen. However, degrada-\ 
tion during regeneration may be avoided by applying an alcoholic; 
solution of sodium ethoxide or a methyl alcoholic sodium hydroxide 
solution in a nitrogen atmosphere, or by dissolving the acetate in cupram- 
monium solution, again with the exclusion of air.^ 

The cellulose acetates are of considerable commercial interest. 
Their properties vary with the degree of polymerization and the degree 
of substitution. They are used chiefly for the manufacture of lacquers, 
plastics, and acetate rayon.“ 

Of other organic acids,*^ the following have been more or less success- 
fully used for esterification of cellulose: formic, chloroacetic, carbonic, 
propionic, butyric, stearic, lauric, palmitic, caprylic, and oxalic and other 
dibasic acids; also aromatic acids, such as benzoic, phthalic, cinnamic, 
and a number of sulfonic acids, particularly p-toluenesulfonic acid. 

Esters of p-toluenesulfonic acid, C6H9O4OSO2C6H4CH3, are obtained 
by the action of the chloride of p-toluenesulfonic acid on cellulose in the 
presence of strong aqueous sodium hydroxide, pyridine, or other organic 
bases. The reaction may be represented by the following equation: 

(C6H9040H)n+ClS02-C6H4CH3 (C«H 904 *S 02 C6H4CH8)n + HCl 

In order to reduce contamination of the ester with combined chlorine 
and nitrogen (if pyridine is used as a base) low esterification temperature 
has proved favorable. Under these conditions not more than two 
hydroxyl groups per glucose unit are replaced by tosyl groups, which 

" Oat, Z. angew. Chem,, 32, 67. 88 (1919). 

See the review by Genung and Mallatt. Ind. Eng. Chem., Anal. Ed., 13. 369 (1941). 

»Zempl6n. Ber., 69 . 1827 (1936). 

** Staudinger and Schweitzer, Ber., 63 . 3132 (1930) ; Staudinger and Daumiller. Ann., 
629 , 258 (1937). 

** Conaway, Ind. Eng. Chem., 30 . 516 (1938) ; Ott. ibid., 32 . 1641 (1940). 

^^Hess, **Die Chemie der CeUiilose." p. 428; Marsh and Wood, **An Introduction to 
the Chemistry of Cellulose," Van Nostrand. New York (1939), p. 183; Midm and Fordyce, 
Jnd. Eng. Chem., 32, 405 (1940). 
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may be interpreted to mean that two hydroxyl groups of the glucose 
residue are more easily replaced than the third.* Judging from the 
results obtained on the tosylation of secondary cellulose acetate dis- 
cussed above it is likely that the primary alcoholic hydroxyl group is sub- 
stituted first. 

Under the influence of ammonia and aliphatic amines, part of the 
tosyl groups are removed, while the fiber takes up a small amount of 
nitrogen. The assumption that to^l groups are thus replaced by 
amino groups could not be confirmed. It is probable that the fima.n 
amounts of chlorine contained in the tosyl ester are responsible for the 
combination with correspondingly small quantities of ammonin. and 
amine.” 

Mixed cellulose esters may be prepared by successive esterification 
with the respective agents. Nitrocelltilose acetates and nitrocellulose 
benzoates have been known for some time. More recently, acetopro- 
pionates and acetobutyrates as well as aoetophthalates have become of 
interest since their properties and compatibility with plasticizers seem 
to offer considerable commercial possibilities.®® 

Cellulose Xanthates. If carbon disulfide is allowed to act upon 
cellulose containing an excess of strong aqueous alkali a reaction takes 
place which may be expressed by the following equation: 

OR 

/ 

R OH + NaOH +• CS 2 C=S + H*0 

Cellalase 

SNa 

The product of reaction is the sodium salt of the dithiocarbonic acid 
ester of cellulose, sodium cellulose xanthate. 

In this form the reaction is comparable with the formation of sodium 
ethyl xanthate which may be obtained by allowing carbon disulfide to 
react either directly with sodium ethoxide or with a solution ai sodium 
hydroxide in ethyl alcohol. In &e latter case we are dealing with an 
equilibrium reaction, thus: 

CgHeOH + NaOH ^ CaHsONa + HjO 

Sakurada and Nakashimay Sci. Papers Inst, Phys, Chem, Research (Tokyo) ^ 6 , 214 
(1927) ; Hess and Ljubitsch, Ann,, 507 , 62 (1933) ; Bernoulli and Stauffer, Helv, Chim, 
Ada, 28 , 627 (1940). 

Karrer and Wehrli, Z, angew, Chem,, 89 , 1609 (1926). 

Hess and Ljubitsch, Ann,, 607 , 68 (1933) ; see also Sakurada, J, Soe, Chem. Ind. 
Japan, supplemental binding, 82 , llB (1929). Actually, aminocellulose has been pre- 
pared recently by allowing sodium amide to act on cellulose nitrate in liquid ammonia, 
Scherer and Feild, Rayon Textile Monthly, 22 , 607 (1941). 

^ Fordyce, Salo, and Clarke, Ind, Eng. Chem., 28 , 1312 (1936) ; Fordyoe and Meyer 
t6td., 82 , 1066 (1940). 
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but the decomposition of the alkoxide by the water formed is pre- 
vented by the presence of carbon disulfide because it quickly converts 
the sodium ethoxide into sodium ethyl xanthate, which is practically 
stable to water. 

Likewise, the action of sodium hydroxide upon cellulose may be 
viewed as an equilibrium reaction, and, whereas this reaction tends to 
shift to the left, the presence of carbon disulfide will cause it to proceed 
in the opposite direction. In other words, small quantities of sodium 
cellulosate are continuously converted into sodium cellulose xanthatri 
until the amoimt of carbon disulfide added is consumed. I 

Since cellulose xanthate formation proceeds at a relatively slow rate,\ 
the carbon disulfide has ample opportunity to react also with the aqueous i 
sodium hydroxide to form sodium carbonate and sodium trithiocar- 
bonate (Na2CS3). Thus, the yield of xanthate will depend upon which 
of the two competing reactions proceeds at the faster rate. 

Cellulose in the absence of alkali does not react with carbon disul- 
fide. Obviously, the formation of sodium cellulosate as a preliminary 
step is indispensable. As a matter of fact, the xanthate reaction takes 
place only if cellulose is treated with alkali of a concentration at 
which the alkali cellulose compoimd is formed.^® Likewise, dimethyl 
cellulose, which does not combine with alkali, is unable to form a xan- 
thate. However, methyl cellulose of a lower degree of substitution, 
which combines with alkali, undergoes the xanthate reaction.^®* ®® 

The degree of substitution in cellulose xanthate depends essentially 
upon the amount of carbon disulfide applied and upon the degree of 
contact between the reactants. With a quantity of carbon disulfide 
corresponding to one to two molecules per CeHioOs unit, a xanthate 
is formed which carries one xanthate group per two glucose units, 
NaS— CS— 0(C6H904)20H. 

This formula is confirmed by the fact that the 1:2 ratio of xan- 
thate groups to glucose residues is maintained on converting the 
xanthate into a derivative, namely, by allowing diethylchloroacetamide 
[CICH2CON (C2H6)2] to act upon the xanthate.®^ In this derivative, the 
composition of which justifies the formula 

0(C6H904)20H 

\ 

SCH»CON(C2H6)a 

^ Hetiser and Schuster, CeUtdoaechem., 7, 29 (1926). 

^ Berl and Bitter, ibid., 7, 140 (1926). 

Fink, Stahn, and Mattkes, Angew. Cham., 47, 602 (1934). 
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the ratio of the diethylacetamidc radical (and the nitrogen content of 
the derivative) to glucose residues is again 1:2. 

It is doubtful whether the composition of the xanthate having the 
ratio of one xanthate group per two glucose residues may be interpreted 
to mean that only surface-exposed hydroxyl groups are involved.®-® 
In view of the fact that the strong alkali used causes not only inter- but 
also intramicellar swelling it is very probable that inter- and intramicellar 
hydroxyl groups are involved in the formation of the alkali compound 
and that of the xanthate. 

Although some evidence indicates that in the reacting glucose residues 
it is the hydroxyl group in the 2-position which undergoes the xanthate 
reaction, it is doubtful whether the reaction under conditions which re- 
sult in a ratio of sodium to sulfur to cellulose of 1 : 2 : 2 is confined to 
this hydroxyl group.® 

By emplo 3 dng a larger excess of carbon disulfide, particularly if such 
an excess is incorporated into the alkaline solution of a partially sub- 
stituted xanthate, the degree of substitution may be raised to almost 
two xanthate groups per glucose unit.®’ *• Moreover, cellulose dis- 
solved in a quaternary ammonium base is capable of taking up nearly 
three xanthate groups per glucose unit.® It is significant that trisodium 
cellulosate, prepared by the action of sodium metal dissolved in liquid 
ammonia, under certain conditions, yields sodium cellulose trixanth- 
ate.*^ 

The solution of cellulose xanthate in water or dilute alkali is termed 
viscose. It is of a colloidal nature and possesses a very hi^ viscoaty 
and an orange color, the color being due to contamination with sodium 
trithiocarbonate. The trixanthate is also soluble in methyl alcohol and 
in acetone. 

The partially substituted xanthates may be precipitated from their 
solutions by means of alcohol or electrolytes, such as sodium or ammon- 
ium chloride or weak organic acids. Under the influence of dilute acetic 
acid the inorganic salts are decomposed whereas the xanthate is pre- 
cipitated practically imchanged. With mineral acids cellulose xanthate 
is also predpitated but quickly decomposed into cellulose, carbon disul- 
fide, and the sodium salt of the acid. The cellulose constituent emerges 
from this reaction in the form of cellulose hydrate, i.e., it shows the 

•> Lieser, Ann., 470 , 104 (1029) ; 488 , 136 (1930). 

^’Schramek and KUttner, KoUoidrBeihefU, 42, 221 (1935). 

Lieser and Leckzyck, ilnn., 622 , 56 (1936). 

••Geiger, Helv, Chim. Acta, 13, 287 (1930). 

•• Scherer and Miller, Rayon Textile Monthly ^ 19, 478 (1938). 

•^ Scherer, Gotsch, et al., BvU. Virginia Polytech. Inet, Eng. Expt. 8ta. Series BuU., 
No. 39. 3 (1939). 
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greater reactivity and the altered x-ray diagram of this cellulose modifi- 
cation. Besides, the regenerated cellulose possesses a lower degree of 
polymerization than the starting material which is due to the action of 
atmospheric oxygen during the preparation of the alk a li cellulose, 
particularly if the latter was subjected to aging (see above) and during 
xanthation.**’ If air is excluded from these processes, the cellulose 
constituent of the xanthate is not degraded. 

On standing, viscose imdergoes certain colloidal and chemical 
changes which are grouped under the term “ripening.” The viscosity 
of the highly hydrated sol, which is high immediately after dissolving, 
gradually drops to a minimum, probably owing to a tendency of the 
originally coarse particles to become more fully dispersed and to imderga 
dehydration.’® On further standing, the viscosity increases again, and,\ 
probably favored by the salting-out effect of the inorganic by-products ' 
eventually becomes so high that it cannot be measured any longer. The 
system has developed a gel structure. On still longer standing, the gel 
undergoes s3meresis. Viscose, thus, displays such colloidal changes as 
are characteristic of lyophylic colloids; they often occur without any 
change to the chemical composition of the colloid. In viscose, however, 
the colloidal changes are accompanied by a gradual hydrolysis of the 
xanthate which hastens the alteration of the colloidal state without 
necessarily being the only cause of the alteration. 

Under the infiuence of hydrolysis the xanthate loses more and more 
of its xanthate groups. Sodium dithiocarbonate, which is possibly 
formed as an intermediate, decomposes into carbon disulfide and sodium 
hydroxide, which, in turn, react to form sodiiun carbonate and trithio- 
carbonate. Eventually, cellulose is regenerated, although it still contains 
a small quantity of sulfur. The ratio of sodium to sulfur to cellulose in 
the intermediate xanthates which may be isolated during ripening reflects 
the gradual loss of xanthate groups, but the ratio is not understood 
to indicate that the constituents are present in stoichiometric pro- 
portions. 

The colloidal state of the solution during ripening is indicated by its 
behavior with electrolsrtes. The farther the ripening has proceeded, the 
leas of a solution of an electrolyte is required to bring about coagulation 
of the dispersed compound. 

The regenerated cellulose possesses practically the same degree of 
polymerization as the cellulose constituent of the xanthate before dis- 

^ Reference 59* p. 41. 

^ Lottermoser and Wultsch, K6Uoid-‘Z,, 8S, 180 (1038). 

** Mark* 'Tfaysik und Chemie der C^uIom/* p. 250; Moore, Silk and Rayon, 8, 507 
(1034). 
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solving, which shows that, on ripening, the cellulose constituent of the 
xanthate is not degraded.®®* ®® 

Commercially, viscose is used chiefly for the manufacture of cello- 
phane and viscose rayon. About 80 per cent of all rayon is produced 
by this reaction, which was discovered by Cross and Sevan in 1893. 

CELLULOSE ETHERS 

Cellulose ethers may be obtained in the same way as aliphatic 
ethers, for example, by the action of alkyl halides or alkyl esters of 
inorganic acids upon alkali cellulose. What has been said with regard 
to the heterogeneous nature of the esterification reaction holds true also 
for the conversion of cellulose into its ethers. The mono- and diethers 
must be regarded as mixtures, and only the triether represents a homo- 
geneous product. More recently, as a result of evidence from fraction- 
ation, it has been claimed that even trimethylcellulose is a mixture.’^ 

It appears that cellulose is even more resistant to etherification than 
to esterification, and the reaction proceeds the more easily the more the 
cellulose has been degraded.’^ Thus cellulose regenerated from solutions 
or from processes of oxidation or from the action of acids may be con- 
verted into ethers within a shorter time than untreated native cellulose.'”* 

Methyl and Ethyl Ethers. Methyl cellulose is of special scientific 
interest tecause, as will be seen later, it has greatly assisted the endeavors 
to elucidate the chemical constitution of cellulose. Both methyl and 
ethyl cellulose are prepared commercially and have found many uses. 

The usual way- of preparing methyl cellulose in the laboratory con- 
sists in allowing dimethyl sulfate to react with cellulose in the presence 
of strong sodium hydroxide solution at a temperature of about 
The reaction, which may be represented by the following equation, 

C6H904*0H + (CH30)2S02 CeH904-0-CH8 + CH80-S020H 

is exothermic, but the heat developed does not suffice to accelerate the 
reaction to any great extent. Usually more than one methylation is 
required to reach a high degree of substitution (the triether requires 
45.57 per cent methoxyl).’® Methylation may be facilitated if the 
hydroxyls of the cellulose are first converted into acetoxy groups. It 
appears feasible first to methylate to the dimethyl stage, which is 

Hess and collaborator^t CeUuloaech^pi; 16 , 78 (1936). 

Conaway, Jnd. Eng, Chem*^ 80, 616 (1938). 

^^Heuser and Hiemw, CeV/tdoaechtmi,^ 6, 101, 126 (1925). 

Denliam and Woodhouse, *7. Cham- Soc*t 103 , 1736 (1913) ; 106 , 2357 (1914) ; 111 , 
244 (1917) ; 119 , 81 (1921). 

Heuser and von Neuenstexn, CeUuloaech 0 Tn,f 8, 92 (1922) ; Irvine and Hirst, .7. Cham 
8oe., 188 , 629 (1923). 
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comparatively easily reached, then to acetylate to dimethylmonoacetyl- 
cellulose, and then methylate again, whereupon the acetyl is saponified 
and replaced by the methyl group. The trimethylate thus obtained 
contains 45.42 per cent methoxyl, but is that of a considerably degraded 
cellulose."”* 

One may also subject the acetone solution of a secondary acetate to 
the action of dimethyl sulfate and alkali.’® Also this method facilitates 
methylation, but in neither case has it been possible to reach the 
theoretical value of the triether unless the acetate (or the cellulosic 
material) used has a relatively low degree of polymerization.” Nor 
does it seem to be possible to prepare tiimethylcellulose, in which the 
cellulose constituent is not degraded, by the action of methyl iodide on 
trisodium cellulosate in liquid ammonia.’® \ 

Methyl cellulose is soluble in water to an extent depending upon its 
degree of polymerization and its methoxyl content.’® Products pre- 
pared in the usual way, i.e., from fibrous cellulose or from an acetate, 
which contain 1.5 to 2 methoxyls per glucose unit are soluble in cold 
water. On heating they arc precipitated, and on cooling they go into 
solution again, which may be explained on the assumption that hydrates 
are formed which suffer cleavage on heating.’® Above the ratio of two 
methoxyl groups per glucose residue the products become more and 
more hydrophobic. On the other hand, if methylation is carried out on 
cellulose dissolved in a quaternary ammonium base, as little as 0.7 
methoxyl group per glucose residue (corresponding to about 12 per cent 
methoxyl) suffices to make the product water-soluble. This result is 
probably due to the fact that the reaction takes place in a more homo- 
geneous system than with cellulose in fibrous form.®® 

The ethers of varying methoxyl content are soluble in pyridine, 
chloroform, tetrachloroethane, etc., and show different levorotational 
values in the various solutions. 

The methyl groups may be liberated as from common aliphatic 
ethers by allowing hydrogen iodide to act on the ether. The regenerated 
cellulose is extensively degraded, however, as a result of the violence of 
this reaction. 

It is evident from x-ray analysis and from fractionation, as well as 
from hydrolysis and acetolysis studies on incompletely methylated 

Haworth, Hirst, and Thomas, J, Chem, Soc., 821 (1931) ; Haworth and Machemer, 
ibid., 2270 (1932). 

Earrer and Escher, Helv. Chim, Acta, 19, 1192 (1936) ; Johnston, J . Am. Chem. Soc., 
98, 1043 (1941). 

Freudenberg, Plankenhorn, and Boppel, Ber., 71, 2435 (1938). 

« TraUI, J. Soc. Chem. Ind., S3, T337 (1934). 

^ Bock, Ind. Eng. Chem., 89 , 985 (1937). 
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cellulose, that the intermediates are mixtures of the three stages of 
methylation.®^ On hydrolysis, ‘‘dimethylcellulose^' usually yields mono-, 
di-, and trimethylglucose, whereas trimethylcellulose 3 delds practically 
only 2,3,6-trimethylglucose.’^’ ^ This result shows that the hydroxyls 
in positions one, four, and five of the glucose anhydrides in cellulose are 
blocked. 

The presence among the products of hydrolysis of a small amount 
of 2,3,4, 6-tetramethylglucose ^ is now recognized as being the result of 
degradation of the cellulose during or prior to methylation. CarefuUy 
isolated cotton or ramie cellulose yields no tetramethylglucose pro- 
vided that air is rigorously excluded during methylation.®* The 
importance of the presence or absence of tetramethylglucose with 
respect to the molecular structure of cellulose will be discussed 
later. 

On acetolysis the corresponding acetylated alkyl glucoses are 
formed; e.g., triethylcellulose yields l,4-diacetyl-2,3,6-triethylglucose.®® 

Methylene ethers {acetals) of cellulose have been synthesized by allow- 
ing formaldehyde or aliphatic methylene ethers or mcthylal to 
react with alkali cellulose. The reaction of formaldehyde with cellu- 
lose has its parallel in the action of this aldehyde upon d-glucose, which 
leads to methyleneglucose (Tollens), the mechanism being that of 
acetal formation. Meunier and Gyot believe that, for steric reasons, 
it is rather improbable that ‘‘methylenation^^ of cellulose takes place on 
two neighboring — CHOH groups of glucose residues of one and the 
same chain, for example, on those in positions two and three, because 
they are in different planes; it is assumed, rather, that two hydroxyl 
groups of neighboring chains join in this reaction, possibly according to 
the following scheme: 


H— C— O |H + O + HI 0— C— H H— CO— GHz— OC— H 


I 


CHa 


Heddle and Percival, J, Chem. 5oc., 249 (1939). 

Irvine and Hirst, J, Chem. Soc,, 123 , 621, 629 (1923) ; Hess and Weltzien, Ann., 
442 , 46 (1926). 

Haworth and Machemer, J, Chem. Soc., 2270 (1932) ; Haworth and Hirst, Trans. 
Faraday Soc., 29 , 14 (1933); Averil and Peat, J. Chem. Soc., 1244 (1938); Hirst and 
Young, ibid., 1247 (1938) ; Hirst. J. Textile Inst., 27 , 169 P (1936). 

Hess, Angew. Chem., 49 , 841 (1936) ; Hess and Neumann, Ber., 70 , 710, 721, 728 
(1937) ; Leckzyck, JBer., 71 . 829 (1938) ; Hess and Grigoriscu, Ber., 73 . 499 (1940). 

Hess and Wittelsbach, Z. Electrochem., 26, 244, 260 (1920). 

®® Schenk, Helv. Chim. Acta, 10 , 1088 (1932). 

Wood, /. Soc. Chem. Ind., 60, T411 (1931). 

“ Schorigin and Rymaschewskaja, CeUvlosechem., 14 , 81 (1933). 

Meunier and Gyot, Compt. rend., 188 , 606 (1929). 
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Glycolic Add Ether. When monochloroacetio acid is allowed to 
act upon alkali cellulose, the chlorine reacts with the alkali metal to 
form sodium chloride. As a result, the glycolic acid ether of cellulose 
is formed according to the following equation; 

CjHjOi ONa + CICH 2 COOH NaCl + C 6 H. 04-0 CH2C00H 

This ether forms a sodium salt which in this form is soluble in water, 
forming a viscous solution. The formulation of the product of reaction 
as an acid ether of cellulose appears justified, because on the action ot 
phosphorus triiodide and water it liberates glycolic acid (CH 2 OH — C02H\ 
while cellulose is regenerated. A small amount of acetic acid is also] 
formed, which, however, may be due to reduction of part of the glycolic 
acid.*® 

Triphenylcarbinyl Ether. The formation of this derivative of cdlu- 
lose may be compared with the action of triphenylchloromethane on 
alcohols and on certain sugars, such as oc-methylglucoside, d-glucose, 
and d-galactose. The reaction may therefore be formulated thus: 

C*H 9040 Na + C1-C(C6H6 )s -* C«H 904 0 C(C«H6)3 + NaCl 


The ether is very sensitive to acids, e.g., hydrochloric, being cleaved 
to cellulose and triphenylmethyl chloride (or carbinol), respectively. *‘ 
Glycolcellolose (Hydroxyediylcellulose). Ethylene oxide reacts 
with alkali cellulose to form hydroxyethylcellulose (glycolcellulose). 
It is soluble in water, and it may be assumed that in hydroxyethylcellu- 
lose the ethylene oxide radical is present with a free hydroxyl group, 
— OCH 2 CH 2 OH. The mechanism of the reaction apparently is that of 
addition and may be illustrated thus: 


-0— C9H702(0H)r— O— + CHj— CH 2 


UJ 


— O— C6H702(0H)2(0CH2CH20H)— o— 

Acetylation leads to a triacetate in which two acetyls occupy the two 
free hydroxyls of the ^ucose unit; the third acetyl has entered the 
hydroxyethylene radical. It may be formulated thus:*® 

C9H702(0C0CH,)2(0CH2CH20C0CH8) 

CEhowdhury, Btochem. Z., I489 85 (1924) ; see, alsOi Barnett, J. Soc. Chem, Ind,^ 40, 
T25d (1921); Brown and Houghton, Chemistry & InduBlry, 254 (1941). 

Helferich and Koester, Ber., 67, 587 (1924) ; Helferich, Moog, and JOnger, Ber., 68, 
872 <1925)* 

** Sohorigin and Rymaschewdcaja, Ber., 86, 1014 (1933) ; Schorger and Shoemaker 
Ind. Eng. Chem., 99 , 114 (1936). 
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Benzylcelliilose. This cellulose derivative is obtained by the action 
of benzyl chloride on cellulose in the presence of aqueous alkali. The 
benzyl ether is exceedin^y hydrophobic.** 

Bemdes the ethers described above there are a number of others, 
not yet sufficiently investigated, of which, however, may be mentioned 
butyl-, propyl-, and allylcellulose.** 

THE OXlDATIon OF CELLULOSE 

From an inspection of the molecular structure of the chain molecule, 
it would appear that with a suitable oxidizing agent the oxidation of 
cellulose could be confined to an attack which would convert the 
terminal free reducing groups to carboxylic groups. Furthermore, we 
could imagine the free hydroxyl groups to be converted to aldehydic 
and then to carboxylic groups without simultaneous rupture of the 
glycosidic linkages. However, as pointed out in the introduction, it is 
difficult to direct the oxidation of cellulose in such a way, and only a 
few examples in which glycosidic linkages seem to remain unattacked 
are known. 

As with other cellulose reactions the course and the rate of oxidation 
are essentially influenced by the peculiarities of the fibrous structure. 
As a result, oxidation proceeds in topochemical fashion, but the products 
of the initial reaction are further attacked and broken down to shorter 
chains before deeper layers of the fiber ate attacked. Thus, after a 
certain time has elapsed, the product of reaction, “oxycellulose,” must 
be expected to be h heterogeneous mixture of more or less oxidized and 
broken chains with secondary reaction products of rather low molec* 
ular weight. 

As a matter of fact, oxycellulose shows both aldehyde and acid 
reactions. When heated in dilute alkali it develops a characteristic 
yellow color, the coloring matter dissolving in the hot alkali. Oxycelr 
lulose possesses pronounced reducing power toward Fehling’s solution 
or Willstktter and Schudel’s hypoiodite solution;** it is capable of 
reducing vat dyes to their leuco bases,** and it reacts with phenyl- 

Gonfard, “Sur les propri^t^ de la benzylcelliilose," Camus, Lyon (1933) ; Georgi and 
Lorand, /. Am, Chem. Soc., 59, 1166 (1937). 

^ Mienes, "Celluloseester und Celluloseftther unter besonderer Berttcksichtigung der 
Benzylcellulose," Chem.-techn. Verl. Bodenbender, Berlin (1934) ; Mardi and Wood, 
“An Introduction to the Chemistry of Cellulose," p. 273. For dibasic acid esters, see 
Malm and Fordyce, Ind, Eng, Chem,, 82 , 405 (1940). 

»« Willst&tter and Schudel, Ber., 61. 780 (1918). 

•• Scholl, Btr., 44 , 1312 (1911) ; Ennen, /. Soc. Dyera CdowrUU, 28 , 132 (1912) ; Haller, 
Balv, Chim. Acta, 14 , 578 (1931)* 
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hydrazine.®^ Its acid nature is indicated by its affinity for basic dyes, 
such as methylene blue, by its consumption of alkali on titration,®* and 
by the liberation of carbon dioxide on boiling with dilute hydrochloric 
acid.®® The simultaneous liberation of furfural indicates the presence 
of glucuronic acid units. The quantities of these two substances as 
well as the amount of alkali consumed on titration, although certainly 
greater than from untreated native cellulose, are rather small, which 
indicates that the number of carboxyl groups in oxycellulose is some- 
what limited. Obviously, most of them are oxidized further; in fact, i 
considerable amount of carbon dioxide is liberated during oxidation.^®? 

Whether the aldehydic or acidic character prevails in oxycellulose\ 
depends upon the oxidant and the medium, as well as on the time! 
allowed for the reaction. Oxycelluloses of the reducing type are generally 
obtained with oxidants which may be used in an acid or neutral medium, 
whereas alkaline oxidation produces the non-reducing or acidic type. 
In both cases, the aldehydic character prevails at the beginning of the 
reaction.^®^ 

Oxycellulose may be freed of most of its aldehydic and acidic 
character by extraction with dilute alkali. On such a treatment, 
which involves not only extraction of the fragments of low molecular 
weight but also oxidation of aldehydic and neutralization of carboxylic 
groups, the far greater part, remaining in the form of a residue, does not 
seem to differ from the original cellulose. Yet, determination of its 
viscosity in solution reveals that it possesses a much lower degree of 
polymerization than the original fiber, indicating that longer chains 
have suffered cleavage into smaller fragments. The residue may be 
further fractionated into portions of varying degree of depolymeriza- 
tion.i®® 


Mmier, Helv. Chim. Acta, 22 , 208, 217. 376 (1939). 

•* Schwalbe and Becker, Ber., 64 , 646 (1921) ; Hibbert and Parsons, J, Soc, Chem, Ind., 
44 , T473 (1925); Karrer and Lieser, Cdlulosechem,, 7, 1 (1926); Ltidtke, Biochem, Z., 
668 , 372 (1934); 885 , 78, 82 (1936); Neale and Stringfellow, Trans, Faraday Soc„ 83 , 881 
(1937); Sookne and Harris, Textile Research, 10, 405 (1940); J, Research Natl, Bur, 
Standards, 86, 205 (1941); Sookne, Fugitt, and Steinhardt, ibid., 86, 61 (1940); Heymann 
and Rabinow, J. Phys, Chem,, 46 , 1152, 1167 (1941). 

•• Heuser and Stdekigt, CeUulosechem,, 3, 61 (1922) ; Hibbert and Parsons, loc, cit.; 
Whistler, Martin, and Harris, J. Research NaU, Bur, Standards, 84 , 13 (1940); Nickerson 
and Leape, Ind, Eng, Chem,, 38 , 83 (1941). 

Cunning^m and Dor4e, /. Chem, Soc,, 101, 497 (1912); Dor6e and Healey, /. 
Textile Inst,, 89 , T27, T41. (1938). 

^^^Clibbens and Geake, J, Textile Inst,, 16 , T27 (1924); Birtwell, Clibbens, and 
Qeake, ibid,, 17 , T145 (1926) ; Clibbens and Ridge, itnd,, 18 , T135 (1927) ; CUbbens, 
Geake, and Ridge, ibid,, 18 , T277 (1927); Birtwell, Clibbens, Geake, and Ridge, ibid,, 
81 , T87 (1930) ; Davidson, ibid,, 83 , T95 (1932) ; Neale, Trans, Faraday Soe„ 89 , 228 
(1933). See also the compilation by Wise, Trans, Electrochem, Soc,, 73 , 79 (1938). 
iMGodman, Haworth, and Peat, J, Chem. Soc,, 1908 (1939). 
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The products of lower molecular weight, those of oligo- and mono- 
saccharide character, are difficult to separate. Among them, glucuronic 
acid has been identified. Earlier investigators, such as ToUens and 
Vignon, had suggested that oxycellulose might be defined as poly- 
glucuronic acid. The results of later studies^®* seem to support this 
view. When a cuprammonium solution of cellulose is oxidized with 
potassium permanganate, the resulting glucuronic acid seems to retain 
a polymeric character until, for the purpose of isolation, it is converted 
into the cinchonine salt of the monomeric acid. 

Glucuronic acid (and polyglucuronic acid) long escaped discovery, 
probably because on oxidation of cellulose in fibrous form it is easily 
destroyed. Oxidation of cellulose in solution permits a more homo- 
geneous reaction and increases the chances of arresting oxidation before 
the products of reaction are further attacked and converted into frag- 
ments of low molecular weight, such as oxalic acid, and finally into 
carbon dioxide and water. 

An interesting reaction has been observed to occur when periodic 
acid acts upon cellulose.^®^ With this oxidant the attack is confined to 
the hydroxyl groups in the 2- and 3-positions of the glucose residues. 
These groups are converted into carbonyl groups, but, apparently, no 
glycosidic linkages are broken. As a result a cellulose dialdehyde is 
obtained. 
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However, under the influence of weak alkali, the dialdehyde breaks down 
into smaller fragments.^*** 

Oxycellulose is formed during a niunber of commercial processes such 
as kier boiling and bleaching of textiles, paper pulp, and the like. Over- 
bleaching may lead to a tendering of the fiber. On further oxidative 

Ealb and Falkenhauaen, Bet; 60, 2614 (1027) ; see, also, Hauaer and Stdoklat 
CeUvloieehem,, S, 61 (1022); Kenjron et al., J- Am. Chem. Soe., 64, 121, 127 (1942). 

Jaokaon and Hudaon, /. Am. Chem. Soe., 69, 2049 (1037). 

Davidaon, J. Textile Inst., 90, T216 (1038) ; Dorte and Healey, ibid., 99, T27 (1938) 
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treatment the cellulose fiber becomes so brittle that it may be disin- 
tegrated to powder by mere rubbing between the fingers. 

THE DEGRADATION OF CELLULOSE BY ACIDS 

With mineral acids, and less completely with organic acids, hydrol- 
ysis leads to glucose through a number of intermediate stages; on 
acetolysis, the hydroxyls of the degradation products become partly 
or entirely acetylated. Here again, as with other treatments, cellulose 
reacts slowly and irregularly. Degradation starts on the surface df 
the fiber and may lead comparatively easily to low-molecular-weighi 
fragments and even to the end product, glucose. Deeper layers, on the 
other hand, are attacked to a lesser degree, and, in consequence, inter-\ 
ruption of the process after a certain time yields a variety of degradation 
products, from almost untouched chains down to the monomeric 
glucose. 

Hydrocellulose. On heating cellulose fiber with dilute acids, for 
example with hydrochloric acid, a product is obtained which in appear- 
ance and behavior resembles oxycellulose. Like the latter, cellulose 
emerges from the treatment as weakened fiber which may easily be 
rubbed to powder between the fingers. It is termed '^hydrocellulose^' 
and for many years has been regarded as the first homogeneous product 
of hydrolysis.^®® The term is derived from the (erroneous) assumption 
that one molecule of water is chemically attached to each glucose residue. 
Considering cellulose as a chain of glucose anhydrides linked together by 
means of oxygen bridges, there is no reason to regard hydrocellulose as 
a homogeneous cellulose derivative as may be true of oxycellulose. In 
the formation of hydrocellulose the only change conceivable is a shorten- 
ing of the chains besides a rupture of cross linkages if such exist. Under 
the hydrolyzing effect of the acid there is obtained a mixture of chain 
bundles or single chains, more or less shortened, some of them to oligo- 
saccharides, cellobiose, and glucose, all of which possess pronounced 
reducing power. 

This concept of hydrocellulose is in agreement with its behavior 
with dilute alkalies. On heating with 4 to 6 per cent sodium hydroxide 
solution the raw hydrocellulose preparation may be divided into two 
components. The filtrate shows pronounced reducing power since it 
contains the lower degradation products. The residue, after sujficient 

for examplei Schwalbe, '^Chemie der C^ulose,’* Borntraeger, Berlin (1911); 
flee, fllflo, Heuser and Stdckigt, CeUvloeechem.t 3 , 61 (1022) ; Heuser and Jayme, Ber., 66 , 
1242 (1022). 

^^HeUfler, **Lehrbuch der Celhilosechemie,*' 3rd ed., p. 157; flee, also, Heufler and 
Hiemer, Z, Etektrochem-t 88, 47 (1026) ; Hess, '*Die Ohende der Gellulose,*' p. 439* 
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purification, shows little, if any, reducing power, probably because the 
reducing groups which renamed after the extraction have become 
oxidized to carboxylic groups. If the hydrolytic treatment was sufii- 
ciently severe, the residue is soluble in sodium hydroxide solution of a 
certain higher concentration (preferably 8 per cent by weight). The 
solubility is explained as resulting from the rupture of primary valences; 
this is also refiected in the solution viscosity of the residue wMch is con- 
siderably decreased in comparison with that of the starting material.'®® 
The purified alkali-soluble hydrocellulose has also been termed “cellu- 
lose A.” “• 

It is possible to convert up to 99 per cent of the original cellulose 
into alkali-soluble hydrocellulose, i.e., with the production of only a 
very small amount of extractable products of degradation. This result 
seems to indicate that, as on oxidation, cleavage occurs towards the 
center of the chains rather than from the ends. Oi^anic acids such as 
formic,"® acetic,'" and oxalic may also be used for the conversion. 

Hydrocellulose, which in commercial processes pla}^ a part similar 
to oxycellulose because the formation of both involves destruction of 
the fiber, may be distinguished from oxycellulose by certain reactions. 
Of these may be mentioned the liberation of carbon dioxide on distilla- 
tion of oxycellulose with 12 per cent hydrochloric acid. Either hydro- 
cellulose does not give this reaction or the amount of carbon dioxide 
liberated is much smaller than from oxycellulose."* 

With concentrated acids, such as sulfuric, nitric, hydrochloric, 
hydrofluoric, or phosphoric, cellulose swells considerably, becomes 
peptized, and finally dissolves completely. It is likely that inteiv 
mediate addition compounds are formed."* Usually, shortly after prep- 
aration, the solution shows reducing power toward Fehling’s and other 
such solutions. On dilution with water shortly after dissolving and 
with thorough cooling, the greater part of the cellulose may be regeneiv 
ated in the form of white flakes which show the behavior and the x-ray 
diagram of mercerized cellulose (p. 1672). In the older literature the 
preparation obtained is often also termed “amyloid," merely because it 
^ves the same blue coloration with iodine in the presence of traces of 

>«■ Haworih d at., J. Chem. Soc., 1901, 1904 (1939). 

HesBi Wdtzien, and Meeemer, Ann., 435, 127 (1924) ; Hess, Z, angevo, Chem., 87, 
993 (1924). 

Heuser and Schott, CeUtdoaechem., 6, 10 (1925) ; Staudineer and Dreher, Bar,, 59 
1733 (1936). 

Heuser, '*Lehrbuch der Cellulosecheznie,*’ 3rd ed„ p. 171. 

Heuser and Eisenring, CeUuloaechem., 4 , 13, 25 (1923). 

Heuser and Stdcldgt, ibid., 3, 61 (1922). 

al Kkenstam, Bar., 69 , 549, 553 (1936). 
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sulfuric acid as starch (amylum) does, a reaction which, although known 
for more than a century, is not yet fully understood. 

Cellodeztrins. On further standing of cellulose solutions such as 
mentioned above, degradation continues, but on the addition of alcohol, 
a precipitate is obtained. This precipitate, which is characterized by 
its high reducing power, is partly or entirely soluble in water and has, 
under the name of ^‘cellulose dextrin” or '^cellodextrin,” played a great 
part in the endeavors to isolate homogeneous intermediates in the course 
of the degradation of cellulose. In the light of the modern concept of 
the chemical constitution of cellulose, cellulose dextrin is far from teing 
a homogeneous product. It is rather to be regarded as a mixture oi 
oligosaccharides of varying chain length, the longest of which may\ 
comprise thirty or less glucose anhydrides. Since the molecules of \ 
smaller size crystallize, the whole mass appears crystalline.^^® Likewise 
certain biose anhydrides, which at one time were thought to represent 
homogeneous degradation intermediates, are merely mixtures of 
oligosaccharides of various chain length. 

Oligosaccharides. Isolation of certain oligosaccharides is best 
accomplished by acetolysis or by hydrolysis preceded by methylation 
or by methylation after acetolysis. The products of reaction are more 
stable in these cases, and their separation is thus facilitated. Since on 
acetolysis the hydroxyl groups steadily increase in number and are 
simultaneously acetylated, because of the progressive opening of 
oxygen bridges, the increase in acetyl content provides a general means 
of pursuing the process of degradation.®® The following oligosaccharides 
have been isolated: cellohexaose, cellotetraose, cellotriose, and the 
disaccharide, cellobiose. A mixture of them may be obtained by hydrol- 
ysis of cellulose with highly concentrated hydrochloric acid (specific 
gravity 1.21 at 15 ®), but the process must be interrupted before it has 
gone too far. This is accomplished by adding ethyl alcohol, which is 
used also for fractionating the mixture.^^® 

Even cellohexaose, CeHnOe • [C6Hio05]4 • CeHnOs, the highest mem- 
ber so far isolated, crystallizes in very fine but homogeneous needles; its 
molecular weight corresponds to the formula given above, and, although 
it has not yet been possible to obtain crystalline derivatives of this 
hexasaccharide, derivatives of some of the other oligosaccharides, 
cellotetraose, C6HiiOe-[C6Hio06]2-C6Hu06, and cellotriose, CeHnOe* 

Meyer and Mark, Ber., 61, 2432 (1928). 

Freudenberg, Ber., 61 , 383 (1929). 

Bergmann and Knehe, Ann., 445 , 1 (1925) ; Hess and Friese, Ann., 450 , 40 (1926). 

Zeohmeister and co-workers, Ber., 64, 857 (1931) ; 66, 269 (1933) ; see, also, WiU- 
Bt&tter and Zeohmeister, Ber., 68, 722 (1929) ; Zeohmeister and T6th, Ber., 68, 2134 (1935) ‘ 
Hess and Dziengel, Ber., 68, 1596 (1935). 
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CeHioOs-CeHiiOs, are known. These oligosaccharides yield well- 
defined acetates, methyl ethers, and osazones; the last-named, how- 
ever, are difficult to obtain in crystalline form. A cellotrioside, deca- 
methyl-j3-methylcellotrioside, has been synthesized from 2,3,6-trimethyl- 
iS-methylglucoside and heptamethyl-l-chlorocellobiose.^^® 

The mixture of the reaction products also yields cellobiose 
(C 12 H 22 O 11 ) (p. 1598), as well as the last link of the chain, d-glucose. 
For a long time cellobiose was not discovered among the products of 
ordinary hydrolysis with mineral acids. It is more easily obtained on 

acetolysis in the form of its octaacetate,^^! Ci 2 Hi 40 ii(C 0 CH 3)8 with 

some pentaacetyl-d-glucose as a by-product.^’ ^ On saponification 
with alcoholic potassium or sodium hydroxide, potassium or sodium 
cellobiosate is obtained from which cellobiose may be liberated by the 
action of acetic acid. Another method of saponification, by which the 
disaccharide constituent is more protected against degradation, consists 
of applying only traces of sodium metal in methyl alcohol.^^ 

Cellobiose may also be obtcdned by the action of acetyl bromide and 
glacial acetic acid upon cellulose at a temperature of 30-40® for a number 
of days. This treatment results in acetobromocellobiose which is 
identical with E. Fischer and Zempl^n's product resulting from the 
action of hydrogen bromide on cellobiose octaacetate.^® 

Cellobiose, for a long time the only crystalline product of cellulose 
degradation besides glucose, has played an important part in the 
attempt to elucidate the chemical constitution of cellulose. Haworth's 
work ^27 indicates its structure to be l-glucosido-4-glucose with a 
/S-glucosidic linkage.'^* 



Freudenberg and co-workerst NalurtBitsentehaflen, IS, 1114 (1930); Ann., 404, 
41 (1932). 

'*** Freudenberg and Nagai, Ann., 494, 63 (1932). 

Skraup and K6nig, Ber., 84, 1116 (1901) ; MonaUik., 01, 1011 (1900). 

>**08t, Ann., S98, 313 (1913). 

Webber, Stand, and Gray, J. Am. Chem. Soe., 60 , 1542 (1930). 

ZemplSn, Ber., 69, 1264 (1926) ; 69, 1827 (1936). 

*“ Karrer and Widmer, Helv. Chim. Acta, 4, 700 (1921). 

*'*Fiaoher and Zempl6n, Ber., 48, 2538 (1910). 

Haworth, "The Constitution of Sugars," Arnold and Co., London (1929). 

*** See also Zemidto, Ber., 69, 1254 (1926) ; Freudentwg, et of., Ber., 60, 1962 (1930) 
*.T1)e free reducing group is indicated by an asterisk in the unit on the right. 
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^^Isocellobiose/’ which was thought to be formed simultaiieously 
with cellobiose on hydrolysis or acetolysis of cellulose, is now recog- 
nized as a mixture of cellobiose with oligosaccharides. 

Cellobiose may be transformed into a great number of derivatives. 
Detailed discussions and descriptions of more recent date may be found 
elsewhere.^®^ 

The end product of hydrolysis of cellulose is d-glucose. The theo- 
retical yield of glucose is 111.1 per cent by weight. Actually this yiel^ 
has never been obtained because of inversion as weU as of furthe 
degradation of glucose to organic acids, hydrox 5 rmethylfurfural, ani 
other substances, under the influence of the hydrolyzing agents applied.^® 
The best yield may be obtained by allowing methyl alcoholic hydro-\ 
chloric acid to act upon cellulose triacetate; by this method 95 per cent 
of the theoretical yield is obtained.^^ 

The action of hydrogen bromide in ether on cellulose in a sealed tube 
leads to about 33 per cent of w-bromomethylfurfural. This result has 
for some time been interpreted to indicate the presence of ketonic 
groups in cellulose.^^® The primary product of this reaction, however, 
is glucose, which subsequently loses water and is transformed into 
hydroxymethylfurfural and further into the bromo derivative.^® In 
fact, hydroxymethylfurfural may be obtained directly from aldoses as 
easily as from ketoses.^®^ 

Anhydrous hydrogen chloride seems to convert cellulose into a 
mixture of polymeric glucose anhydrides (‘‘polyglucosans'O- This con- 
version seems to involve two steps, namely: (1) cleavage of the chains 
into glucosylchloride (1-chloroglucose) molecules, and (2) condensation 
of these molecules with the loss of hydrogen chloride to polyglucosan. 
On treatment with dilute mineral acid the polyglucosan is transformed 
into glucose.^®* Hydrogen fluoride acts similarly, the reaction product 

Ost and Prosiegel, Z, angew. Chem., 33 , 100 (1920) ; Ost and Knoth, Cellylo8eckem.t 
8, 25 (1022) ; Ost, Z. angew. Chem,, 39 , 1117 (1926) ; Hess, Weltzien, and Singer, Ann., 443 , 
71 (1926). 

i*® Preudenberg, “Tannin, Cellulose, Lignin,” Springer, Berlin (1933), p. 99. 

See Toilens-Elsner, “Kurzes Handbuoh der Kohlenhydrate,” Barth, Leipzig (1935), 
p. 436; Micheel, “Chemie der Zucker und Polysaccharide,” Akad. Verlags-Ges., Leipzig 
(1939). 

Schlubach and LtOmi, Ann., 647 , 73 (1941) ; Frahm, Ber., 74 , 622 (1941). 

Ost and Wilkening, Chem. Ztg., 34 , 461 (1910) ; Monier-Williams, J. Chem, Boc., 
803 (1921). 

^ Irvine and Hirst, J. Chem. Soc., Ill, 1585 (1922) ; Heuser and Aiyer, Z. angew. 
Chem., 87 , 27 (1924). 

^ Fenton and Gostling, J. Chem. Soc., 79, 361, 807 (1901). 

Heuser, “Lehrbuch der Cellulosechemie,” 3rd ed., p. 211. 

Heuser and Eisenring, CeUuloeechem., 4 , 20 (1923) ; Heuser and Schott, ibid., 4, 85 
(1023); 6, 10 (1925); Middentrop, doctoral dissertation, I^iden (1917). 

SdUubach and Prochownick, Angew, Chem., 47 , 132 (1934) ; see, also, Hess and Ul- 
maun, Ber., 74 , 119 (1941) and Ulmann and Hess, Ber., 74 , 136 (1941). 
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of anhydnde character being termed ‘‘ceUan. It is probable that a labile 
glucosyl fluoride is fcamed as an intermediate.^*® 

THE DEGRADATION OF CELLULOSE BY THERMAL DECOMPOSITION 

The products of thermal decomposition, in contrast to those of 
hydrolysis and acetolysis, yield no information in regard to the chemical 
constitution of cellulose. These products represent the result not only 
of far-reaching degradation, but also of secondary, tertiary, and further 
reactions, so that it is often difficult to explain their presence. 

If a temperature of about 270® is applied, as is usual in commercial 
destructive distillation of wood, a great quantity of gas is produced, 
consisting chiefly of carbon dioxide and, particularly at higher temper- 
atures, of carbon monoxide, with smaller amounts of methane and 
ethylene. The process of destructive distillation of cellulose may be 
regarded as a carbonization with elimination of water and carbon dioxide, 
whereas carbon monoxide and all other products owe their formation to 
secondary, tertiary, and further reactions. The principal other products 
are tar and acetic acid, together with some formic acid and acetone, the 
last two being formed long before the temperature of 270° has been 
reached. 

Methyl alcohol, which before its synthetic manufacture was an 
important product of commercial distillation of wood, owes its formation 
chiefly to the lignin constituent of the wood.^^® It is obtained from cel- 
lulose only by the process of hydrogenation in the presence of catalysts.^^^ 

The tar produced on destructive distillation of cellulose consists 
chiefly of phenols, which indicates that transformation of aliphatic into 
aromatic substances has occurred under the influence of the high 
temperature.^^ The composition of the solid residue, cellulose coke, 
deviates somewhat from that of anthracite, its hydrogen content being 
slightly lower. However, if cellulose is subjected to heating under a 
pressure of 150 atmospheres, in the presence of water (in order to avoid 
overheating), the composition of the resulting coke approaches that of 
anthracite.^" 

Destructive distillation of cellulose in vacuo yields levoglucosan or 

Helferich and Peters, Ann., 494, 101 (1932) ; Fredenhagen and Cadenbaidi, Angew. 
Chem„ 46, 113 (1933). 

Battner and Widicenus, J. prakt, Chem,, T9, 177 (1909) ; Heuser and Skidldebrand, 
Z. angew, Chem,, 32, 41 (1919) ; Heuser and Schznelz, CeUuhsechem.t 1, 49 (1920). 

Fierz^David and Hanning, Heh. Chim, Acta, 8, OCX) (1925) ; ChMmistry <9 Industry^ 
44, 942 (1925). 

Smitli and Howard, J. Am, Chem, Soe„ 89, 234 (1037). 

'*• Bergius, Naharwiaaenechaften, 16, 1 (1928) ; Berl, Papier-Fabr,, 81, 141 (1938) ; see 
also, Heu«w, Z, angew, CAern,, 26, 393 (1913). 
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jS-glucosan (yield about 38 per cent), i.e., a glucose anhydride (p. 1622). 
It is identical with that which may be obtained on hydrolysis of gluco- 
sides, e.g., from picein, which splits into piceol ( 2 >-hydroxyacetophenone) 
and levoglucosan under the influence of strong bases. Structurally, 
/5-glucosan is l,6-anhydro-j8-d-glucopyranose. Its jS-configuration is 
indicated by the fact that it is obtained easily from jS-d-glucose and 
/5-d-glucosides but not from a-d-glucose or a-d-glucosides.^^® It is also 
obtained on destructive distillation in vacuo from glucose directly, ^ 
well as from starch.^^® These observations seem to indicate that tie 
primary product of reaction is glucose and that glucose subse- 
quently undergoes dehydration resulting in the formation of the 
anhydride. \ 

Levoglucosan adds one molecule of chloral to form chloralglucose, 
(“chloralose”)*^^’ An analogous reaction seems to occur with cellulose 
when subjected to treatment with chloral in the presence of concentrated 
sulfuric acid, various dichloralglucoses being formed.^^® Again, it is 
likely that glucose is the primary product of reaction, for glucose is 
converted into chloralglucose directly when subjected to the action of 
chloral in the presence of sulfuric acid. 

THE DEGRADATION OF CELLULOSE BY MEANS OF 
BIOLOGICAL PROCESSES 

Cellulose plays an important part in many biological processes. 
Nature has provided for permanent destruction of cellulose waste by 
the activity of microorganisms, such as aerobic and anaerobic, meso- 
philic and thermophilic bacteria, as well as fungi, actinomyces, and 
protozoans. Little is known about the mechanism of the breakdown of 
cellulose by the activity of these microorganisms, but it is generally 
assumed that the breakdown occurs in two phases, the first consisting 
of enzymatic hydrolysis which leads to glucose as an intermediate and 
the second being the fermentation of the glucose to organic acids and 
gases. 

It has been possible to demonstrate the production of glucose by 
introducing certain antiseptics which are capable of checking the 

IHctet and Sarasin, Helv, Chim. Acta, 1, 87 (1918) ; Venn, J. Textile InaU, 15, T414 
(1924). 

See ToUenB-Elsner, **KurzeB Handbuch der Kohlenhydrate,*' Barth, Leipzig (1935), 
p. 515. 

Zempl6n and Gerecs, Ber., 64, 1545 (1931). 

Pictet and Reichel, Helv, Chim, Acta, 6, 621 (1923) ; White and Hizon, J, Am, 
Ckem, Soc; 56, 2438 (1933) ; W. Freudenberg and Vajda, ibid,, 59, 1955 (1937). 

Row and Pasme, J. Am. Chem, Soc,, 45, 2363 (1923). 
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fermentative action of the microorganisms without inhibiting the 
enzymatic hydrolysis.^**® Moreover, Pringsheim was able to show also 
that cellobiose appears as an intermediate by raising the temperature to 
a point at which the enzyme which breaks down cellulose to glucose 
(cellulose) becomes inactive while the cellobiose-producing enzyme 
(cellobiose) is stiU active. Under these conditions only cellobiose is 
formed. 

The ability of cellulose-decomposing enzymes to exert specific actions 
was further demonstrated by Grassmann and co-workers with cellu- 
lase and cellobiase containing extracts obtained from Aspergillus orycae. 
It was foimd that cleavage of longer chains (from cellulose down to 
cellodextrin and further to cellohexaose) is effected exclusively by 
cellulase whereas the other oligosaccharides including cellobiose undergo 
scission chiefly under the action of cellobiase. 

The acids produced on unchecked fermentation are chiefly acetic 
and butyric. Sometimes alcohols, and usually gases, such as methane, 
hydrogen, and particularly carbon dioxide, are produced, depending 
chiefly upon the nature of the organism concerned.^^' In recent years, 
industrial utilization of cellulose waste has come into prominence.^® 

THE CHEMICAL CONSTITUTION OF CELLULOSE 

In the chapter published in the first edition of this book an attempt 
was made to depict the development of the concept of the constitution 
of cellulose. Here it may suffice to summarize the more essential 
scientific events which justify our present concept of its molecular 
structure. 

On the basis of the knowledge that cellulose on hydrolysis yields 
essentially glucose and, on acetolysis, an appreciable amount of di- or 

van Iterson, Zentralbl, Bakt, II, 11, 689 (1904) ; Pringsheim, “Die Polysaccharide," 
Springer, Berlin (1931), p. 152. 

Grassmann, Zechmeister, T6th, and Stadler, Ann., 603, 167 (1933); Grassmann, 
Stadler, and Bender, Ann., 502, 20 (1933). 

“^For more detailed information see Thaysen and Bunker, “The Microbiology of 
Cellulose, Hemicelluloses, etc.," Oxford University Press (1927), and Waksman, “Prin- 
ciples of Soil Microbiology," Williams and Wilkins Co., Baltimore (1932) ; Waksman and 
Davidson, “Enzymes," Williams and Wilkins Co., Baltimore (1926), as as the follow- 
ing publications: Symons and Buswell, J, Am. Chem. Soc., 55, 2028 (1933) ; Waksman 
and Cordon, SoU Set., 45, 199 (1938) ; Walker and Warren, Biochem. 32, 31 (1938) ; 
Gray, Can. J. ResearcK C17, 154 (1939) ; Baker, Nature, 148, 522 (1939) ; Berl and Koerber, 
J. Am. Chem. Soc., 60, 1596 (1938). See also Norman, “The Biochemistry of Cellulose, 
etc.," Clarendon Press, Oxford (1937). 

Fontaine, Peterson, and Ritter, paper presented before the Cellulose Division of the 
American Chemical Society at Cincinnati, Ohio, April, 1940; Prescott and Dunn, “Indus- 
trial Microbiology," McGraw-Hill Book Co., New York (1940). 



1702 


ORGANIC CHEMISTRY 


trisaccharide/*® Tollens proposed a formula for cellulose (1896) which 
shows a number of glucose anhydride imits linked in chain fashion by 
way of oxygen bridges (Fig. 2). It will be noticed that the individual 

O 

H, H H H H Ji 
C-C-C-C~C-C 
^ ^ OH OH OH H 

H, H H H H X/ 
C-C-C~C-C-C 
^ ^ OH OH OH H 

H, H H H H 
C-C-C-C-C-C 
^ ^ OH OH OH H 

H, H H H H \/ 

C-C-C-C-C-C 
OH OH OH OH OH H 

Fig. 2. — Cellulose formula (Tollens). 


glucose residues arc united through acetal linkages in contrast to the 
hemi-acetal linkage operative in the modern concept of the molecular 
structure of the cellulose chain. Tollens believed that such a double 
oxygen linkage would best explain the great physical resistance of the 
cellulose fiber. 

If for the moment we set aside the attempts of Hess and his school 
and other investigators to show that cellulose represents an aggregate 
of monomeric glucose anhydrides united through other than primary 
valence forces, the generation after Tollens occupied itself chiefly with 
endeavors to add such experimental evidence as would support the 
concept of a chain formula. 

The essential experimental facts brought to light during the last 
forty years may be summarized as follows: 

1. Esterification and etherification lead to derivatives in which not 

more than three hydroxyl groups are substituted. This fact was estab- 
lished for cellulose acetate by Ost ^ and for methylcellulose by Denham 
and Woodhouse.^®® ^ 

2. Hydrolysis of trimethylcellulose yields essentially trimethyl- 
glucose whose structure is recognized as being a 2,3,6-trimethyl- 
monose.1®®* 

^’Franchimoat, Ber., IS, 194t (1879) ; Skraup and Hambiirser, Ber,, 8S, 2413 (1899); 
Frandumont, Ree. trav. ehim*, 18, 472 (1899). 

Toliens, ''Handbuch der Kahlenhydrate,*’ Trevendt, Brealau (1895), Vol. II, p. 252. 

AMOit, Z. mtgew. Chem., 8S, 66, 76, 82 (1919). 

iM Denham and Woodhouee, Chem, 8oc., 108, 1735 (1913) ; 105, 2357 (1914) ; 111. 
244 (1017) ; Denham, ibid., 119, 81 (1921). 

Haworth and Leitoh, /. Chem. Soc., 118, 191 (1918). 

^ Irvine and Hint, ibid., ISS, 518 (1928) ; Hew and Weltaien, Ann., 448, 46 (1925). 
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3. The yield of 2,3,6-trimethylglucose amounts to more than 00 
per cent."* 

These three facts, together with the results of the hydrolysis of 
cellulose itself, make it appear very probable that cellulose consists of 
glucose units only and that in each of them the hydro:gd groups in the 
1- and 4-position8 are occupied. With cellobiose known as one of the 
intermediates of acetoly^s (Skraup, 1901) there is little doubt that one 
hydroxyl, probably that in the 4-poffltion of one ^ucose unit, is ^yco- 
sidicaUy linked with the other glucose unit of cellobiose. Likewise, it 
is probable that in this second unit (the non-reducing component of 
cellobiose) the hydroxyl group in the 4-position is connected by the 
same type of linkage with a third glucose unit. 



4. In the light of the statistical probability that a chain conrasting 
of glucose or cellobiose residues must yield considerably less than 100 
per cent cellobiose, and considering the fact that losses due to further 
cleavage of the cellobiose formed and to other causes are conmderable, 
the maximum yield of 43 per cent actually obtained (Madsen, 1917) is 
quite in agreement with the molecular chain concept. 

5. The structure of cellobiose is that of l-glucosido-4-glucose (p. 
1697). 

6. Glucose possesses an amylene oxide ring between the carbon 
atoms in the 1- and 5-position (p. 1556). 

7. Hydrol 3 r 8 is of cellulose with strong hydrochloric acid yields, 
besides ^ucose and cellobiose, the oligosaccharides cellotriose and 
cellotetraose;^*^ from the products of acetolyris cellotriose may be 
isolated and in a comparatively high yield if acetolysis is arrested 
before cellobiose is formed.'** 

. 8. To the products of acctolyas, one more oligosaccharide has been 
added, namely, cellohexaose.'** The ^ucose residues in tlw oligosac- 

>M Freudenberg, Ber., 84, 787 (1021). 

*** Ctuuitom, Haworth, and Feat, J. Chem. Soe., 89 (1026) ; Zem^to, Ber.. 89, 1364 
(1028) ; Freudenberg, Ber., 88, 1962 (1030). 

Kret, J. Chem. See., 860 (1026). 

*** WiUet&tter and Zedimeiater, Ber., 81., 722 (1920). 

*** Bwtrand and Benoit, Compt. rend., 177, 86 (1023) ; 176, 1683 (1928) ; Oat. Z. oncett. 
Chem., SO, 1117 (1928). 

*** bvine and Bobiwteon, J. Chem. Sac., 1488 (1026). 

*** Zeohmueter and T6tb, Ber., 64, 867 (1931) ; Zechmeistw, Mark, and Tdlh, Ber.. 
68. 269 (108$ ; Staudinger and Leupeld, Ber., 67, 479 (1934). 
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charides are found to be united through the same type of linkage that is 
operative in cellobiose. 

9. That the cellobiose linkage is not restricted to oite part of the 

cellulose molecule is also apparent from the results of the methylation 
of cellodextrin which, as has been seen, consists of a number of oHgosac- 
charides. Hydrolysis of the mixture of the methylated products yields 
tetramethylglucose and a completely methylated cellotriose, which may 
be broken down to octamethylcellobiose (after further methylation Of 
the degradation products) and a one-third proportion of tetramethyl- 
glucose. Thus, four contiguous units originating from cellulose ane 
found to be united in the same manner as cellobiose itself.^*® \ 

10. The discovery of a small quantity of 2,3,4,6-tetramethylglucose 
besides a large quantity of 2,3,6-trimethylglucose among the products 
of hydroljrsis of trimetbylcellulose (Haworth and Maehemer, 1932) 
indicates the existence of long chains, one of their terminating iinits 
having a fourth hydroxyl group in the 4-position. 

11. Derivatives of cellobiose and cellotriose may be obtained by 
allowing 2,3,6-trimethyl-j8-methyl^ucoside to react with the chlorohy- 
drins of fully methylated glucose (tetramethylglucose-l-chlorohydrin) 
and fully methylated cellobiose (heptamethylcellobiose chlorohydrin). 
In these derivatives, because of the fact that they were synthesized 
from components in which the mode of linkage is known, the glucose 
units are joined by j8-glycosidic linkages. It is probable, therefore, that 
the same mode of linkage is operative also in the other oligosaccharides. 
This assumption is supported by the results of the quantitative evalu- 
ation of the optical superposition of the oligosaccharides. Hence, it is 
very probable that in cellulose also all linkages belong to the /8-series. 
One o-linkage, like that in maltose, to one hundred /8-linkages, would 
reveal itself by a perceptible change in molecular rotation.'*^ 

Further support of the assumption that only one type of linkage is 
operative between the individual glucose units is derived from the 
kinetics of hydrolysis and acetolysis of celltilose. As these reactions 
proceed, more and more carbonyl groups are exposed, the number of 
which may be quantitatively estimated. After the fundamentals of 
such investigations had been established by Meyer, Hopff, and Mark,*®* 
a^d by Kuhn,*®' the numerous investigations of Freudenberg and 

*** Hawmrtili, Hirst, and Thomas, J. Chem. Soe., 824 (1981). 

Freudenberg and Nagai, Ann., 4M, 63 (1932) ; Freudenberg and oo-workeis, Bern 
«S, 1961 (198(^. 

*•• Meyw. Horff, and Mark, Ber., 6t, 1103 (1929) ; 63, 1631 (1930). 

>** Kuhn, Ber., 63, 1603 (1930). 
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others during recent years leave no doubt that the linkages in cellu- 
lose are all of the jS-type. 

Thus, at the present time, cellulose is regarded as an aggregate of 
chains in which a large number of glucose units are linked together in a 
mode corresponding to that which occurs in cellobiose, namely, through 
lj4-/3-glycosidic linkages. On the assumption that the chains are open, 
there are two terminating units of which the one possesses a free hydroxyl 
in the 4-position and the other a free reducing group in the 1-position 
(see Fig. 1). 

The Molecular Weight of Cellulose. The (hypothetical) molecular 
weight of an individual chain equals the number of glucose units multi- 
plied by the molecular weight of the unit. Since cellulose is visualized 
as an association of chains of var3dng length, the molecular weight of 
the cellulose substance is composed of the molecular weights of all chains 
which participate in this association. 

In the formula of the molecular structure of a cellulose chain (see 
Fig. 1) each of the two end groups in the two terminating units repre- 
sents a certain percentage of the total chain. Since the ratio of either 
end group to normal groups changes with the chain length, the assess- 
ment of the total quantity of one of the end groups in some form, in 
percentage of a given quantity of cellulose, should supply a measure of 
its average chain length. 

A method which has been frequently used for this purpose was 
suggested by Haworth apd Machemer.^’^ Essentially it consists of 
separating the products of hydrolysis of fully methylated cellulose. As 
illustrated in Fig. 3, a given quantity of cellulose wiU yield a certain 



Fiq; 3. — ^From Haworth, *'The Constitution of Sugars,” Arnold and Co., Lcmdon 
(1929). (Courtesy of the publishers.) 

»o Frwdenberg et aZ„ Ber., 68, 1510 (1930) ; Freudenberg, “Tannin, Cellulose, lignin,” 
p. 99 et eeq, ; Freudenberg and Blomqvist, Ber,, 68, 2070 (1935) ; Trane, Faraday Soe., 88, 
75 (1936) ; Blomqvurt, Siteber. Heidelberg, Akad, Wiee. Math, wUvrw, Klaaee, 7 (1936) ; 
Freudenberg, Monateh,^ 69, 144 (1936) ; Mark and Simha, Trans, Faraday Sac,, 86, 611 
(1940) ; Montroll and Shnha, J, Chem, Phys„ 8, 721 (1940) ; Sakurada and Okamura, 2. 
Phystk. Chem., A187, 289 (1940) ; Simha, J. Applied Phys., 18, 569 (1941). 

Haworth and Madbemer, J. Chem. Sac., 227Q (1932) ; Haworth and Hirst, Trans, 
Faradaif Soe., 89, 14 (1933) ; Haworth, MonaUh., 69, 814 (1936). 
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quaotily of 2,3,4,6-tetramethyl||^U'POse whereas the rest will give 2,3,6* 
tximethyl^ucose. Baang thw calculation on a yidd of tetrametiiyl- 
l^ucose of 0.6 per cent Haworth and Machemer arrived at an average 
chain length of their cdlulosic material of not less than 100 and not 
more than 200 ^ucose units which would correspond to a molecular 
weis^t between 20,000 and 40,000. 

It should be kept in mind that the value thus obtained cannot be 
generalised becatise it represents the chain length of the specific cellulosjc 
matmial used. In the case under discussion the starting material was 
acetonensoluble cellulose acetate which, as has been seen, contaiin 
cellulose in a oondderably degraded state. As mentioned before^ 
cellulose carefully isolated from cotton and ramie and methylated, witl^ 
rj^d exclusion of atmospheric oxygen yields no tetramethylglucose. ^ 
This result may be explained by the assumption that in (practically) 
undegraded cellulose the chains are not open but united with each other 
throutdi their terminating units or else they are so long that the very 
small quantity of tetramethylglucose cannot be detected by analytical 
methods. 

Besides, even where greater quantities of tetramethylglucose may 
be expected, the reservation must be made that the cumbersome opera- 
tions of separating the methyl sugars aiul of purifying the tetiamethyl- 
glucose involves certain losses which, in view of the relatively very low 
yield of tetramethyl sugar, might result in considerable error. This 
error increases with increasing chain length of the starting cellulose 
mateiiaL Even under most rigid precautions the values obtained will 
jrield only an approximate idea of the cham length. 

Other end group determination methods, namely, that of Beigmann 
and Machemer,^” which consists of determining the aldehyde groups of 
the cellulose material, and that of Schmidt,^''* which is based upon the 
assumptum that native cdlulose possesses terminal carbojQrlic groups, 
must be valued with even greater res^vation. 

In recent studies of the methylation of cellulose Haworth and co- 
workers made the observation that on methylation with the exclusion 
of air Gn a nitrogen atmo^here) and subsequent hydrolysis of the 
methylated cellulose no tetramethyl^ucose could be obtain^ On the 

tn BeKBiBBan and Maobemar, Set^ SS, 816, 2304 (1930) ; Staudinaar and Sdtawitaer, 
Mfr.U. 3182 (1230); StBU^ngeTf hodmiolelailaren organisohen Verbindunfen'’ ; 

hodqpolymerer Naturstoffe,'* Steinkopfff 
(1936), p. 100. Bergmaim and Maohamer’a method has iveantly been impn^^ 
Smith, Whistler, Slid Harris, Jbn. Dy9$tiuf Bepbr., 30, 628 (1961)a 

^ Bsf«, 60, Wi (1936) ; see, also, Sookne axid Harris, J. BtHoareh NaB* 

47 (1940); Bebek, KeUoid>>Z., 08, 217 (1940). 

i^lSaworth, Hirst, Owen, sad AymQU Chem* 8oc^ 1886 (1936); Hawordir 
liasilaiiim, and Beats 1899 (1938). 
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other hand, the mol^pular imght of the trimethylcellulose aa detennined, 
for example, by the osmotic pressure method (see below) gave proof of 
the fact that t^ chains had been shorteaed as a result of the conditions 
methylation. This paradox is explained on the assumption that the 
end groups which must have been formed on the breakdown of the 
chains have become involved in some form of recoml^bation so that no 
end groups remain. Since on methylation in air subsequ^t hydrcljras 
does reveal the presence of end groups, air obviously op^tes to inhibit 
this recombination. It remains to be seen whether this interpretation 
and the conclusions drawn therefrom as to the structure of cellulose can 
be further substantiated.^^* 

In recent years renewed efforts have been made to overcome the 
difficulties which are encountered when the classical phytical methods 
of molecular-weight determination are applied to high-polymeric sub- 
stances. It now appears that the osmotic-pressure method may be 
applied to cellulose derivatives in solution with a considerable measure 
of reliability.*^* Moreover, methods have been developed which permit 
the conversion of ceUulose into its derivatives without degradation so 
that extrapolation from the derivative to cellulose itself rests on a 
safer basis than before. 

. Another phymcal method is based ui>on the relationship between 
the solution viscosity of cellulose and its degree of degradation. Accord- 
ing to Staudinger *** the viscosity of cellulose in cuprammonium soluticm 
or of cellulose derivatives, in organic solvents increases over a wide 
range proportionally with increasing chain length, and vice versa. This 
postulate, which represents a modification of Einstein’s relationship 
between the viscosity of a substance in solution and its average (sphm- 
cal) particle volume, implies that in solution, provided that the con- 
centration is low enough, the chain molecules of cellulose exist as 
Idnetically and chemically independent units (“macro- or thread 
molecules”). 

la order to calculate the molecular wei^t the viscosity is used in 
connection with a constant according to the following eqtuttion 




K„M 


in which If is the molecular wd^t; 9,,, the specific visoQsi^, i.e., the 


Hftwwth, ChmMrtI ^ Induttry, 017 (1080) ; Me, alao, Bawa, Hint, mad Yoons, 
Trant. Faraday Soe^ SO, 880 (1040), refening to ctaidi. 

*** Dobty. KeOaid-Z., 81, 100 (1087) ; Wo. OrtwaU, iMil.. n. 10» (mST) ; MeTor and 
Worn, aid., so. loe ( 1 S 80 ); M<mt(»&a and Zilk, /. Phya. Chaok., 4S, 1874 (1041). 

*” StamBncar and Heuw. Bar., W, 222 (1080) ; BtnudSnaar, t. yiimO. W, 801 
(1081} pBer., W, 867 (1882); BtaodinfM. "IMe hodixMdatadann wSaaiaehaa VwrtiiR' 
<luaseii,”iii».Shaad488. 
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viscosity whidi a dissolved substance produces in Hie solvent; and 
Ctm> the concentration of the solution in basic moles per liter. If the 
value of the constant Km is known, the molecular weight of a given cellu- 
lose material may be calculated simply from viscosity measurements. 
In order to establish the Km value, the molecular weight of cellulose or its 
derivative has to be determined in some way, preferably by the osmotic- 
pressure method. From both the molecular wdght and the viscosity 
data the Km value may be calculated, since Km=^i\»plCM. The Ifm 
constant is different for different cellulose derivatives and for ceUulc 
itself. 

The reliability of the viscosity method for calculating the moleculay 
weight depends upon a variety of prerequisites. These, however, at 
not always fulfilled, and the results should be used with the under- 
standing that the method permits only a relative assessment of the 
molecular weight. Staudinger and co-workers usually express the 
results as “degree of polymerization” (D.P.) which is obtained by 
dividing the molecular weight, as found, by the weight of the single 
glucose anhydride unit (or derivative unit). 

Numerous determinations have been carried out according to this 
method. Staudinger reports good agreement between molecular 
weights obtained with the viscosity method and those resulting from 
osmotic-pressure measurements. On the basis of more recent determina- 
tions molecular wei^ts of 324,000 to 480,000 are ^ven for native 
(cotton) cellulose, of 38,000 to 112,000 for cellulose triacetate, and of 
54,000 to 410,000 and higher for nitrocelluloses. 

The hypothecs that in proper solution cellulose or cellulose deriva- 
tives are separated into their individual chain molecules has in recent 
years been the subject of some controversy. Increasing difficulties in 
defending it arise from the possibility that the individual chains are 
connected by cross linkages of primary valency nature. If such cross 
linkages are maintained on dissolving and during the conversion of 
cellulose into derivative, the viscosity of the solution must be related 
to the unseparated associations of chain motecule. "This wdold have an 
essential bearing upon the justification of using viscosity measurements 
as a means for determining chain length and upon the habit of identifying 
chain length with molecular weight. 

The ultracentcifugal method,”* ori^nated by Svedberg and first 

staudinger and Scbulc, 68, 2320 (1036) ; Sohula, Z. pkytik. Cham,, 1T6, 323 
(1M6) ; Staudinger and DaumiUer, Ann., ISO, 261 (1937) ; Staudinger and Mohr, Ber., 70, 
2^(1937). 

*”Sta«iwi, “Cdlcddal OtMoiatrjr of Celluloeie Materiala," V. 8. Dept. Apr. BvU„ 
MUe. Bui., 240, Waehiiigton, D. C. (1936), p. 29; Kranner and T ^ an a in g, J, Phy*. Cham., 
30. 118 (1(06): laiMingand Knamat, J. Am. Cham. See., IT, 1368 (1936); Knemer. 
ind. JEng. Cham., M, 1200 (1988). 
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applied to protemsi utilizes photographic observations and records of 
equilibrium or velocity sedimentation in a strong centrifugal field (up to 
IMjOOO revolutions and more per minute). The values found for cellu- 
lose and cellulose derivatives generally are higher than those obtained 
with the other methods. The following figures are given: 670,000 for 
native cellulose (corresponding to 3600 glucose units); 150,000 to 
500,000 for purified cellulose; 50,000 to 120,000 for cellulose regenerated 
from viscose, etc. ; and 45,000 to 100,000 for cellulose acetates. Kraemer 
and Lansing believe that the values obtained represent the molecular 
weights of tiie cellulose preparations under investigation with as great 
a certainty as those obtainable by the classical methods applied to sub- 
stances of low molecular weight. 

By using ultracentrifugal data, Kraemer has established a constant 
which may be used instead of Staudinger’s Km, constant for calculating 
the molecular weight of cellulose from viscosity measurements. The 
values thus obtained are higher by 10-15 per cent than those obtained 
by using Staudinger’s constant, the difference being explained on the 
assumption that the osmotic-pressure method gives '^number’-average 
molecular weights whereas the ultracentrifugal method yields 'height”- 
average values.^^ 

THE FINE STRUCTURE OF CELLULOSE AS REVEALED BY 
X-RAY ANALYSIS 

As mentioned earlier in this chapter (p. 1665), x-ray analysis fur- 
nishes definite proof of the crystalline nature of cellulose. It appears 
that most of the investigators ascribe the lattice on which the cellulose 
crystal is built to the monoclinic system, with dimensions of the basic 
cell, i.e., the smallest unit which stiU possesses the geometrical properties 
of the whole crystal lattice, expressed in A (1 A « 10“~®cm. = 0.1 mju), 
as follows (Meyer-Mark-Andress values) : 

a (horizontal) 8.35 

h (vertical, representing the length of the 

basic cell, parallel to the fiber axis) 10 . 3 

c (forming the angle mth o) 7.9 

jS » 84* 

These dimensions being known, the volume of the unit cell may be 
calculated, and, from the volume and the mass of the anhydroghicose 
formula unit and the density of cellulose, it has been found that four 
cellobiose reiddues form the edges of the unit cdl, whareas one passes 
through the center. However, it must be kept in mind that the four 
cdlobiose residues are shared by the neighboring unit odls. 

^ Kzmeniar, refarenoe 179. 

Ejaemaf and TAiMring- nieraiiOB 179. n. 185* 

W Mark. imd Flqndk d«r CMIuIom,*’ pp. taS, 141. 
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Making uae of work of W. H. Bragg and hia numerous coUabo* 
ratora on tiie radii of atoms and the distances betwemi atoms o£ homo- 
polar compounds, Sponger and Dore devised a picture of the possible 
structural arrangement of the glucose imits in the basic cell. 

It is most interesting to note that a deciaon with regard to the 
glucose structure to be selected for the arrangement within the unit 
cell could be made &om three-dimensional models carefully constructed 
to a scale based upon the atomic radii of carbon and oxygen and th4 
distances C — C and C — O. It was found that the amylene oxide ring 
structure, which, as a result of chemical evidence, had been suggested 
by the ^worth school, fitted best into Sponsler’s lattice spacing as^ 
derived from x-ray data. For reasons of synametry, the /S-structure was 1 
given preference to the <»«tructure. 

For the mode of linking between neighboring glucose units of the 
chain, Sponger and Dore erroneously chose alternating glycosidic and 
ether linkages instead of ^ycoddic linkages only. However, this has 
practically no bearing as far as their conception of the arrangement of 
the ^ueose units within the basic cell is concerned. The most essential 
result was that the mvestigators recognized the recurtency period (b) 
of 10.25 A along the fiber axis, as evidenced by x-ray investigations, to 
be dependent upon the chemical structure of cellulose. The diameter 
of one ^ucose \mit, uang Haworth’s pyranose ring structure, was cal- 
culated to be 5.13 A, that is, just half of the recurrent period, which 
meana tiiat in tile unit cell, within the spacing of 10.25 A on each chain, 
there occur two glucose units or one cellobiose unit (Fig. 4).* This sug- 



Ept ^xMudsr and l>oie,in ‘^ikriDoid SympoBumMoniognidilV,” O hS B i ic sl 

Catalog CO' (1906). (Courtesy of the jnddiahen.) 

' aadHote, “CSollaid SjnoUNMlum Monograi^ 17,” p. 174 (1990;«is,alao 

fpOMlK, il*i. SMantf, ». 471 (1923). 

. »)b<MBaik>tliSlbBowii»g6»Biaa,«ii» hydi' oga n atoaaaatsciidtted. 
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gested that jcraistituent units are arranged in continuous chains, 
which run parallel to the fiber axis throu^ the unit cdl. The potition 
of the chains with respect to each othw, stabilized by secondary valency 
forces, is shown in Fig. 5. 



Fzg. 5. — ^From Sponider and DorCi in ^^CoUoid Symposium Monograph IV,” Chemicid 
Catalog Co. (1926). (Courtesy of the publishers.) 

Sponsler and Dore’s structure would explain a number of the 
physical phenomena dealt with in previous sections. It would account, 
for instance, for the anisotropic swelling of the cellulose fiber in water 
or in other liquids, which do not attack it chemically. Swelling is di^t 
in the longitudinal direction of the chains, since there is apparently no 
opportunity for the molecules of these liquids to penetrate tetween the 
sii^e units of the <^ih. In the lateral direction, however, molecules 
of the liquid find suffitient space to enter and in so doing widen the 
space still further. This theoiy is in agreement with the x-ray pattern 
of the swollen (mercerized) cellulose.*** 

Sponsler and Dore’s picture would also account for tire courses of 
the chemical reactions which cellulose undergoes. For example, tire 
fact that filoous structure may be retained on esterifioatum and etirer- 
ifioation can be explained by assuming that the new groups insert 
themselves into the spaces between the longitudinal chains. This will 
occur more easi]^ the smaller the groups, a concept whidi is well sup- 
ported by the work of TtiUat *** and others. 

It mudt be emphasised that Sponder and Dore’s most Interesting 
results gave great impetus to the studies in the years whkih' followed 
thtir presentatkai. Notably, K. H. M^er,*** and Meyer and hbizk *” 

Z. lOty^ CKm., B«, 301 (1920) ; Kste, in Hew. “IH* Ouimie d»r C«Uu. 
toM." p. 78S; alio, SVwm. Forwlav Soe.. SS, 279 (10S3); licsw, Atittfw. W, 900 

(1987) ; Bmtaaaa, XoBcWS,, SS, 172 (1930). 

>** Txglnt, Compt. r«ni^ 197. ISIS (1938) ; Yrfllnt and Mota, 199.13147 (19»9. 

>** ISairar. 2. emcna. CIriMt.. 41. 9M (1928^ 

*** Magwr and Mailc, Bar., 41, 408 (1928); Majrar and Matk; "Dar Aafbite dwiSctch- 
polymarau avsaidadkan Natanrtaffa,” Akad. V«daia<}ea.. X4^>a% (1980). ink 93. IIS. 
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devoted much thought and experimental study to the probl^n. Their 
endeavors were facilitated by the acciunulatiion of chemical evidence on 
questions of constitution, particularly the establishment of the cello- 
biose formula by Haworth and his school and the abundance of x-ray 
data gathered from the study of numerous organic compounds. 

Meyer and Mark followed Sponsler and Dore’s procedure, i.e., they 
constructed three-dimensional models of the constituent units from 
balls having multiples of the atomic radii and distances that had beed 
established on other compounds. They also gave conrideration to the 
tendency of the carbon atom to arrange nei^boring carbon atoms 
tetrahedrally around itself. 



Eio. 6. — ^From Meyer and Mark, "Aufbau der hochpolymerm oiganischen Natur- 
stoffe," Akad. Yerlags^Ies., Leipzig (1930). (Courtesy of the publidiers.) 

Further aid was derived from Staudinger’s ideas on the structure of 
polymers as well as from investigations by MlUler and Shearer,^'* and 
others of the Bragg school, on long-chain fatty adds. Later, Meyer and 
Brill obtained support from studies on w^-formed crystals of lauric 
add in which the molecules were found to lie parallel to eadi other, and 
lite atoms in the cluuns trare found to be arranged in zigzag form. 

In their endeavors to acconunodate the glucose units in a basic cell, 
Meyer and Mark used the dimendons as established in 1921 by Folanyi. 
Farther calculations were based upon the /3-form of Haworth’s cello- 
biose model as represented in Fig. d.* For the construction of this 
model, 1.64 A was chosen as the distance between carbon atoms and 

^ and Sbearer, Chem. Soe,, 1S3, 3156 (1923) ; MiUler, Proc. Boy, 80 c, (Lan* 

Alii, 542 (1927). 

^ Aiul BriU, Z. Kriit.. §7, 570 (1928). 

^ jiiad^ dNIas indicate the carbon atoma; oiycan atoma are ro pra aa nt e d by Iba 
nibiar abdaii i^fAraceii atoma ara omitted. 
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1.35 A was diosen as the distance between carbon and oxygen 
atoms. 

By turning the lower part of the model through 180° and shifting it 
upward it will cover exactly the upper part of the model. Thus, the 
cellobiose configuration reveals the principle of a diagonal screw arrange- 
ment. X-ray analysis has shown that the same principle prevails 
parallel to the fiber axis and that the screw component equals half the 
recurrency pattern, that is, 5.13 A. 

Since the length of the cellobiose model measures 10.25 A, it is 
evident that this length is almost identical with that of the recurrency 



Fia. 7. — ^From Clark, “Applied X-Rays,” McGraw-Hill Book Co., New York and 
London (1940), 3rd ed.) p. 607. (Courtesy of the publishers.) For the sake of 
clarity, only three chains are shown. 


(Dombining the various pieces of evidence, Meyer and Mark con- 
cluded that in the basic cell the cellobiose residues lie parallel to the 
b-axis. Meyer and Mark’s arrangement recently modified in accordance 
with Meyer and Misch’s suggestion,^*" i.e., with the glucose reddues 
pointing alternately in opposite directions, is shown in Fig. 7. 

Beoently Sauter has proposed a unit cell for cellulose which deviates 
materially in some dimensions from that suggested by Meyer and 
Mark. However, the controversy which arose between Mey^ aad 
Mark and Sauter seems to be closed by the result of investigations 
which Gross and Clark undertook with the object of arriving at a 
definite decision. These authors could show that ihe x-ray patterns 
which they obtained from very different types of cellulose were all 
consistent with the Meyer and Mark unit cell. 

”* M 0 jr«r and Mitdi, Ralv. CAim. Aeto, M, 232 (1087). 

**0«aa and dork, Z. Kritt» OO. 367 (1038); TesOOe fiweoreA, 0, 7 (1088); Me, idx^ 
Kleskis, Z. jUtutae. Chem., B«S, 70 (1030). 
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An approximate idea of the aiae and the shape of the micellae or 
crystallites has been derived from the breadHi of the hyperbolas (lasher 
lines) of the diagram. Accordingly, the micella of the ramie fiber is 
calculated to be a rhombus which measures at least 600 A along the 
fiber axis and 50 by 50 A across this direction.^” 

The micellae in the native-cellulose fibers are all oriented parallel 
to the fiber axis; in cotton they are turned spirally around the axis,'** 
whereas in arrifidal fibers and in films orientation is missing unless it id 
produced by stretching. The fiax fiber shows the hipest degree of 
orientation.'** The orientation of the micellae is directly related to the\ 
strength of the fibers, since the latter increases with the degree of the \ 
former. 

Meyer and Mark’s original conception of the posrible arrangement 
of the micellae in the fiber is shown in Fig. 8. Here (o) indicates primary 



Fio. 8.— From Clark, “AppUed X-Rays," McGraw-Hill Book Co., New York (1932), 
2iid'ed. (Courtesy of the publishers.) 

valences between the ^ucose anhydrides, (5) secondary forces holding 
the chains in bundles, and (c) “tertiary” or “micellar” forces between 
the micdlae.'** 

At the preset time Meyer and Mark’s conception of the micellar 
structure of cellulose is undergoing some essential changes. These 
changes appear to be justified, chiefly (1) by the recognition that x-ray 
analyris reveals a condderable part of the cellulosio substance to be 
nonrKaystalline in nattue and (2) by the probability that the chain 
molecules, on the average, are much loi^r than has been deduced 
from x-ray data. These conriderations have led td~an arrangement as 
ducted in Fig. 9, whidi r^resents Frey-Wysding’s conception.'** 

B. O. Benog, /. Fkv*. Chrnn., SO, 457 (1026) ; HengrteBbera and Marl^ Z. 
at, irri (192^; caark, /fid. Rug. CAem., St. 474 (1080). 

*** Farr and CSark, CotUiib. Boyee Thompson In*,, 4, 278 (1082) ; aee, alao, Steinberaer, 
SVata* RaaMKft. 4, 406, 581 (1«34). 

*** Aabuilar airaagament is diown in EUtwley and Wise, "Cbamistav of Wood,” Amw- 
tan C^OBiioal SodaW Monograidii, Chemical Catalog Co., New York (1026), p. 26. Hie 
ptotarekaenw to origtaiate fromStffris, Am. Naturalist, 68, 410 (1029), 

***ito 3 ^^W 3 nNUas, Fntoptenna. Si, 262 (1086); Si, 46 (193«; ST, 872, 668 0«7): 

148 (1088). 
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Similar arrangwaenta have been suggested by Kratky,**^ by Mark/** 
and oihos. 

With such arrangements the micellae have lost their fonner individ- 
uality. Bather they appear as fthain bundles of indefinite length al- 
thoui^ they have retained their thickness of about 50 by 50A. The 



Fio. 9. — Sohemstic piotuie ol the submicroacoinc structure cS native bast fiaou. 
Above, trausTme section; bdow, loncutudinal view, much reduced in sise. The black 
qwts and lines represent the intennicellar quMcs. From ihsy-Wysfdiag, Papier- 
Fabr., S6, 214 (1938). (Courtesy of the publishus.) 

chain bundles are separated by intermiodlar spaces tsidely varying 
width. The piu-allel orientation is thought to be inteixi^ted at irrepilar 
intervals. Where this state prevails that portion d the chain bundles 
is regarded as bdng of an amorphous <a nonnaystallkiB (‘*u;mrdeced”) 

m Kntkr. Naiervieteiiethaflen, IS, 94 (1988) ; dOfc and 4^480^3^ 884 (1989). 

**ydark, /. CSsm., 4A 764 (1940). This wtksleUsa flsseilmtsumiaaxvof the 
stttdiMwhi(hhaveledtod>en>odemei»eq>iionoftb»a4esllaridrtwtai» Qrodhilei|l. . 
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nature, whereas the strictly parallel portions (indicated by tiie dotted 
lines in the picture) represent crystalline (“ordered”) regions. Thus, 
the chains are assumed to pass through crystalline and amorphous 
regions. The modem concept is gaining in popularity since it obviously 
is able to explain the properties and reactions of cellulose more satis- 
factorily than the older concept of individual micellae of limited long- 
itudinal dimensions. 

THE FmSILLAR STRUCTURE OF CELLULOSE 

The cell wall may be dissected lengthwise into fibrillae or fibrils, \ 
i.e., thin elongated units, 100 to 230 and more microns long,^*' and the 
fibrils into fragments which are still discernible under the microscope, 
i.e., sections which are very much lai^r than the h3rpothetical micellae 
or chain bundles. The fibrillar fragments, known imder various terms, 
vary in diape and size, depending upon the method of dissection. For 
example, Wiesner’s “dermatosomes” measure 0.5 in length and 0.3 to 
0.5 n in diameter .‘***’ Similar dimensionB were fotmd by Lfidtke, who, 
moreover, assumes that the length of the fibrils is determined by regu- 
larly spaced transverse elements (“Querelemente”),*®* and the shape 
and size of the fibrillar sections (dermatosomes) by fine membranes 
(“skin substance”). The existence of •transverse elements and of a skin 
substance could, however, not be confirmed by the botanists.^**^ 

Other investigators have termed the fibrillar fragments “fusiform 
bodies” or “i^herical imits,” or just “cellulose particles.!' Again, 
depending upon the treatment applied to the cell wall, the dimensions 
of the observed particles differ. Thus Farr®®^ found the particles to 
measure 1.5 by 1.1 by 1.0 ft, and Wergin*®* claims to have observed 
particles of only 0.25 by 0.2 by 0.2 ti. 

The fibrillae and fibrillar fragments are assumed by some investi- 
gators to be held together by a non-cellulosic substance of colloidal and 

^ Bitter, Paper Ind», 16, 178 (1934) ; see, also, Bailey and Brown, Ind. Eng* Chern,, 
82, 57 (1940). 

^ Wiesner et ol., *'Die Kohstoffe des PHanzenreiches,** Engelmann, Dresden (1927), 
401 ad., Vd. 1, p. 396. 

LMtke, iinn., 4r66, 27 (1928) ; Biochem, Z., 288, 1 (1931) ; CeUtdoaeehem., 18, 169, 
191 (1932); 14, 1 (1933). 

»“Frey^WyBBling, Papier-Fabr., 86, 214 (1938). 

Bitter and CThidester, Paper Trade J,, 87, 169 (1928) ; Ritter and Seborg, Jnd. Eng. 

Chm., n, 1829 (1930). 

***^Farr fgid Eckerson, Confyrib. Boyce Thompaon Inal., 6, 189, 309 (1934); Farr and 
rnmaa, Ubid,, 6, 315 (1934) ; Farr, TeadOe Beaearch, 6, 518 (1936) ; /. Phya. Cham., 42, 1113 
( 1988 ); Contrib. Boyce THompaon Inal., 11, 61 (1939). 

** Wen^, Protoplaama, 88, 116 (1939). 
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amoiphous naturp. For example, Hess and his school*®* (particularly 
Ltidtke *®0 assume a m^brane system (“Haut- oder Fremdsubstanz”) 
to penetrate the fibrillar structure of the fiber, whereas Farr and co- 
workers*®* claim that the cellulose particles, which constitute the 
fibtillae, are surrounded by a “cementing material” of pectic nature 
which serves to hold them together. If the cementing material is 
removed, which is said to be accomplished by treatment of the fib«: 
with pectin-removing agents, as, for example, aqueous ammonium 
oxalate solution, but also with dilute or strong hychx>chloric acid, the 
cell wall separates into cellulose particles. 

Although the various fibrillar fragments observed are of different 
dimensions they are regarded by the investigators named above as 
fundamerdcH structural units. Farr derives this conclusion from the 
observation that the particles into which the cell waU may be disin- 
tegrated are found to be preformed in the protoplasm of the interior of 
the young cotton cell. In the later stages of cell development Farr 
observes beadlike chains made up of particles joined end to end, these 
chains uniting further to layers which form the cell membrane. 

In contrast to the observations of Lfidtke, Farr, and others, I. W. 
Bailey cannot find any evidence, either in imtreated or in carefully 
swollen fibers, of discrete entities of cellulose, that is, of fibrillae, derma- 
toBomes, or the like, which may be liberated simply by dissolving a non- 
cellulose constituent. Such units seem rather to be heterogeneous 
fragments that are shredded or disrupted from an originally continuous 
and coherent celluldse matrix. Any discontinuities in the structural 
pattern of cellulose are confined to the submicroscopic field, i.e., to the 
realm of micellae or molecular chains.*®* 

It appears probable that by the various treatments which preceded 
the observation or the isolation of the fibjrillar fragments the cell wall 
was chemically affected; this was certainly true where the cell wall was 
subjected to the action of dilute or strong hydrochloric add for a 
certain i)eriod of time and sometimes at elevated temperature. Under 
such treatments, which were preferentially applied by most of the above- 
mentioned investigators, disintegration into particles was no doubt the 
result oS hydrolyds. As a matter of fact, Kraemer *®* found the molec- 

®®* HeM. Trogaa, Aldm, and Sakunda, Btf^t tA 408 (1031) ; Hnaa, Nctunntuntduifttn, 
tt, 472 (1034). 

•*» Farr, CorUrib. Boyee Thompson Inst,. 10, 71 (1038); 1*, 181 (1041) ; Compton, iMd. 
10, 57 (1038) ; /. Am. Chom. Soc., 00, 1807 (1038) ; Simon, ConMb. Boyet Thompten Jnst^ 
10, 113 (1038). 

*®* Bailor and Korr, /. Arnold Arboretum, 10, 273 (1036) ; Km and Bailiw. 

327 (1034) ; 10 , 273 (1036) ; 18 , 261 (1087) ; BaiUy, fnd- Bng. Chom„ 80 , «0 (1088). 

*•* Kraemer, Ind. Kng. Chom., 80 , 1200 (1038) . 
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ular wd|^t of Farr’s partides (deteraiined by the ultraoentiifugal 
method) to be only dxHit 40,000. This is less than one-twelfth of that 
usually found on raw cotton fiber, which Farr and co-workers used as a 
source for the isolaticm cdlulose particles. 

Farr’s observation that the raw cotton fiber on thorough treatment 
with aqueous ammonium oxalate solution disintegrates into partides 
could not be confirm^ by other investigators,”** wMch nu^es the 
existence of a cementing substance as a fundamental constituent of thi 
cellulose fiber and the conclusion drawn therefrom rather problematicall 
Mark has summarized our present knowledge of the structure of 
the cellulose fiber in a number of ima^ary photomicrographs which \ 
show what could be seen if it were possible to achieve magnifications 
up to a point where 1 A. would equal 1 cm. (1 : 100 million). The reader is 
rderred to this summary. 

The use of the electron microscope”* seems to offer the possibility of 
making visible such structural dements of the fiber which cannot be 
detected imder the microscope. A great portion of the sj^tem of hollow 
spaces (capillary system) and of the micellae fall within the resolving 
power of this new tool (3-4 m/t). The results of recent studies ”* seem to 
confirm the concept derived from x-ray analysis. 
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GENERAL INTRODirCnON 

No sharp borderline distinguishes physical from chemical pr(q)erties, 
and this diapter will consider properties like entropy which might be 
called chemical. On the other hand, not all phyacal properties of oiv 
ganic compounds which are dependent on their chemical constitution 
will be dealt with. Some are treated at length in special chapters of this 
book, and for the others, in view of the limited space, preference will be 
given to those properties and relationdups which are best understood, 
and to those which are most important for the practical organic chemist. 
Aside from purely academic interests, knowledge of the relation between 
chemical constitution and physical properties may be utilized to investi- 
gate the constitution of compounds, to check their identity, and to serve 
as a guide for the production of new compounds with spedfic properties. 

The term “constitution” refem to the arrangement of the atoms in 
the molecule but does not have a strictly fixed meaning. After a de- 
velopment which in its later stages was marked by the names of Kolbe, 
Williamson, Dumas, Laurent, Couper, and Gerhardt, the constitution 
of an organic compound was, from about 1865, in general considraed to 
be fuUy described by Kekul^’s “dash” formulas, which give account of 
the atoms and bonds, distinguishing the bonds as tingle, double, or triple. 
The importance of the spatial arrangement of the atoms in determining 
the behavior of organic compounds toward polarized li^t, and ci»4rana 
isomerism, was discovered one to three decades later by van’t H<^, 
LeBel, Wislicenus, dantzsch, and Werner. Certain conventions were 
adopted which made it possible to use Kekul5’s dash formulas for the 
description of the geometrical and spatial arrangement of substituents 
on doubly bound atoms and about “asymmetric” atoms. At the same 
time it was realized that various organic compounds could not be ade- 
quately represented by a single formula, and tire conception of tauto- 
meiism arose. A new species of linkage, the codrdinate bond, was dis- 
covered by Werner, and ionizable and unionizable linkages were dis- 
tinguished. Eventually the electronic theory of valenpy of Q. N. Lewis 
afforded an interpretation of the latter two types of linkages in terms of 
atomic physics. The unionizable linkages, for whitix the “datii” was 
more and more reserved, was understood to be due to the tiraring of 
two electrons by two atomic nuclm, the electrons being ccsrtnbuted 
dther by both ot, in the codrdinate link, by one of the stcnns. The 
ionizable link oripnates in the complete transfer of mm electron from 
the nuclear forces of its parent atom to another atom; tlfis transfer 
leaves the donor atom with a positive charge and contributes to the 
acc^tor part of the mdecule a negative diaige. 
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The ideas of mesrauaruon, indud^ive efiteot, etc., were next ctmceoved, 
and most recently the quantumrmechanical treatment of London, Heit- 
ler, Pauling, and others, led to the cominehensive theory of resonance 
(see Chapter 26). The ideal constitutional formula is now considered 
to be a three-dimensional graph which describes the molecule by giving 
the locations of the atomic nuclei and the distribution probabilities of 
the electrons. For many purposes, however, the old Kekuld formulas 
are sufficient, convenient, and advantageous if used with a proper 
appredation of their limitations. \ 

It is difficult to determine the value of the various idiysical properties^, 
for the purpose of studying constitution in its various aspects. The ; 
evaluation depends on the accuracy of the experimental data and on the 
theoretical background of their determination and interpretation. 

Ostwald ^ classified physical properties as additive, con^Undive, and 
adUgaHve. AddiUve prop^iies are those which are related only to the 
kind and number of the atoms and are not influenced by the nature 
of the chemical linkages in the molecule, e.g., the molecular weight. 

CoMtitvtive pn^rties depend not only on the kind and number of 
the atoms, but also on their arrangement in the molecule; their study 
scnnetimes allows conclusions to be drawn about the intramolecular 
arrangement of atoms. Certain constitutive properties, like refractive 
index, dipole moment, and optical activity, d^nd only on the indi- 
vidual molecules; these may be termed constitutive properties of the 
first order. Other constitutive properties, like viscodty, surface tension, 
and melting point, are connected with the aggregation of the molecules; 
these may be termed constitutive properties of the second order. The con- 
stitutive properties of the second order depend primarily on inter- 
molecular relations but they are influenced also the constitution of 
the interacting molecules, inasmuch as the constitution determines to 
a p^tw or less mctent the intermolecular forces. The importance of 
cmistitutive properties of the second order as affording clues to the coir- 
stitution cS. molecules varies with the dasses of compounds and with 
the information whidr is wanted. Valuable dues can be obtained, for 
instance, within a polymeric soies, by measurements of viscosity, and 
the fact that a compoond has a certain melting pomt may exclude oer- 
tahi .^mctiHes and be compatible with others. 

<7dBtyati«e properties as defined by Ostwald do not depend on the 
dheEU^ nature of the material but only on the number of partioks pet 
vobH vuiume, e.g., the presnire ai gases, the d^resdon oi fremang pomts, 
and die exBltati(Hi8 of the bdliiigpdnts of solvents a solute. Acoordr 

CiMini*.’' and «d.,AkMl. Volks. (MIO), 

1, im 
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ing to Ostwald 2^ constitutive factor {days a part in these properties. 
However, where the number of particles depends on the dissociation and 
association of compounds, which in turn are related to the constitution, 
GoUigative properties may offer clues to the arrangement of atoms in the 
substrates. 

The great importance of the constitutive factor in many physical 
properties is illustrated by a table of some properties of the isomeric 
xylenes. Richards^ has pointed out certain relationshipis existing be- 
tween various properties. Thus, additive factors being equal, as in a 
group of isomers, substances with higher densities and smaller molecular 
volumes have higher boiling points, higher heats of vaporization, higher 
refractive indices, higher surface tensions, smaller compresfflbilities, and 
smaller coefficients of expansion than substances with lower densities. 


TABLE I 

Comparison of Physical Propbrtibs of Isombbs 


Property 

Boiling point, ^ C. 

Melting point, ^ G. 

Density 

Compressibility X 10^ 

Coefficient of expansion X 10* 
Molecular heat of vaporization (Cal.) 
Surface tension (mg./mm.) 
Refractive ind^ 

Pressure to produce M.P. at 90** 
Dipole moment 
Dielectric constant 


o-Xylene 

144 

-28 

0.8811 

61.2 

973 

8.76 

3.09 

1.6078 

490 

0.58 

2.553 


m-Xylene 

139 

-64 

0.8658 

64.8 

QQi. 

8.71 

2.96 

1.5002 

2400 

0.46 

2.371 


p-Xyl^e 

136 

+15 

0.8611 

67.5 

1009 

8.60 

2.92 

1.4985 

4000 

0 

2.269 


Studies by Schurman and Boord* on the effect of the shift of the 
double bond on the properties of a number of isomeric olefins afford 
other examples of constitutive influences. In Table II are collected 


TABLE II 


DbBIVATIVBS of n-OCTANB 


Stnieture 




Boiling Point 
(®C./760mm.) 
125.59 

124.6- 124.9 

122.7- 122.9 

121.9- 122.3 

120.9- 121.2 


Density, 

0.70279 

0.7193 

0.7181 

0.7184 

0.7151 


Lidexof 
Befmetion, nS 
1.39760 
1.4147 

1.4139 

1.4140 
1.4091 


* Ridiards, Tram, Faradaiy Soe,, 84» 111 (ie28)* ^ 

♦Sdiurman and Boord, Am. Chem. Sac., 35 , 4930 (1988) ; iMapanfOt 
enoes to eai!tier work in this series. 
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data on the monodlefinic derivatives of nK>ctaiie; the properties of »-oo- 
tane are included as reference points. It is seen that except for 1-octene 
the boiling points become increasingly lower than the boiling point of 
n-octane as the double bond approaches the center of the molecule. 
The refractive indices and denrities do not vary regularly with the 
position of the unsaturated linkage. 

Table III presents data from which may be seen the effect of branched . 
chains and the position of the double bond on the properties of hexenes.j 


TABLE III 
Hexensb 


Structure 

c. 

AB.P. 


Ang 

I 

1 

c 

-9.6 

+0.0011 

+0.0060 

1 

c 

-9.6 

+0.0064 

+0.0042 

1 

c 

-6.6 

+0.0138 

+0.0081 


-6.1 

+0.0137 

+0.0107 


In the table, A values represent deviations from the properties of tiie 
corresponding saturated hydrocarbons. 

Other general studies by Midgley and Henne,* by van Arkel,® by 
Vogel,* by Calingaert and ffladky,^ and by other authors on the rela- 
tion between constitutive factors and a variety of physical properties of 
hydrocarbons, esters, adds, and other compounds have appeared in 
recent years. 

The irUernwlecular forces which govern the constitutive properties of 
second wder are those expressed in the value a of the van der Waals 

equation, and have be^ rather well elucidated by the work of London, 
Ddl)ye, and Eeesom. 

Dod Heoae, Ind. Bng. Chem^ It, 042 (1930). 

• AiImI, Bee. Inn. CAm.. tS, 247 (1984). 

/. Chem. 8oe^ 388 (1984). 

’'CWKatMtt and SOaitty, J. Am. Ch»m. Boe., M, U8 (1086). 
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The most impoTt&Q,t part of this attracting force is that which was 
explained by London * on a theoretical basis by means of wave>mechan- 
ics. This force is universal, and effective between non-polar molecules 
and atoms, e.g., the noble gases, as well as between polar molecules 
and ions. The values Characteristic for the different atoms which enter 
into the calculation of this force are the same as enter into the disper- 
sion formula; hence the London forces and the atomic and molecular 
refractions are interrelated, and both are connected with the polariza- 
bility of the atoms and molecules. 

Molecules which contain permanent dipoles are also, as explained by 
Keesom,* subject to electrostatic forces. These molecules tend to orient 
each other in a manner which provides the mMcimum mutual attrac- 
tion, for instance, as shown by Thermal agitation dis- 

turbs this arrang^ent of lowest potential energy and the intermolecular 
forces are therefore temperature-dependent. In the position shown by 
the diagram, the dipoles and therefore the attraction of the molecules 
will increase by p<darization. In the reverse position, in which the 
molecules repel each other electrostatically, their moments will become 
smaller by polarization and the mutual repulsion will decrease. Hence 
the polarization of the dipoles contribute in each position toward the 
attractive forces, as was shown by Debye.” 

A ^dfic factor contributing to the attraction of molecules, in which 
the above-mentioned forces combine in a particularly effective way, is 
found in the hydrogen bonds ” (see Chapter 25). Enhanced by reso- 
nance, these bonds can provide very important intermolecular attrac- 
tions of about 6 kcal. per mole. 

In addition to these attractive forces, there are repulsive forces oper- 
atii^ between all atoms and molecules at small distances, which set up 
rigid barriers to their closer approach. These forces are frequently 
termed eterie. Orientations which hinder the contact of the groups and 
atoms which otherwise would produce strong intermolecular forces, and 
the reduction of the surface of the molecules, e.g., in branched hydro- 
carbons as compared with normal ones, can cause very marked effects. 

Temperature and pressure influence most of the phyrical propertieB 
of the second order. For purposes of comparison and evaluation, it is 
therefore important to determine the pl^sical propertira imder coiuli- 

• (o) Lcmidatt, Z. Physik, tt, 246 (1930) ; (6) Z. phytik. Chm» BU, 222 (1980). 

* Keeaom, Pne. Aead. Sei. Aiiwfmfom, U, 686, 868 (1916) ; Pkytdt. Zt,ZZ, 129 (1221). 

” Defer*, Z., tl, 178 (1920) ; *8, 302 (1921). 

" HvasiBB, J. Org. 1. 407 (1936) | Iwwetiro, Chem. 22, 229 (1987) ; Fowl- 
ing. ’‘Nstun of the Cornett Vnivereity Piee^ libMe, N. Y. (1049), 

.Cli^>ter DC; 3Van«. Panday 8oo., 26, 871-929 (1940). 
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tiang in which theae imposed iiifiuenoeB can be iiej^leotod. This is some- 
times achieved by esctirapolation to limiting conditions, and sometimes 
by combining the analyas of measurements of several properties into a 
function whidh is independent of the experimental conations and more 
suitable for treatment. Furthermore, a study of the van der Waals 
equation shows that substances at the critical points of pressure, tem- 
perature, and volume mr at equal fractions of them are in corresponding! 
states, and suitable for comparison. 

As mentioned above, it is sometimes advantageous, in order to obtain^ 
information about the constitution of compounds from their physical 
properties, to derive from the measured data certain functions like molec- 
ular refraction, dipole moment, and parachor. Hus leads to another 
classification of physical properties into these derived, secondary ones, 
and into the directly measured primary data like melting point, refrac- 
tive index, and dielectric constant. 

It will not be possible in this chapter to discuss at length the experi- 
mental and tiieoretical background of the physical properties under con- 
sideration. It will be shown, however, for each property, whether it is 
directly measured or derived, and if derived, from what directly meas- 
ured data. 

The connection between a physical property and the constitution of 
compounds is usually establiidied by the breaking up of the numerical 
values of the phymcal property into values of the structural units which 
compose the molecules, of atoms and groups, linkages, and other con- 
stitutive elements. This analyris may be acMeved by inductive or by 
deductive methods. In the fii^ case, a number of known compounds is 
submitted to measurements and the results are analyzed. In the second, 
fundamental tiieoretical deliberations lead to an understanding of the 
experimental data in terms of the constitution of the compounds. In 
the practical cases where physical properties are correlated with con^ 
ititution, usually a combination of both methods is used. 

The properties which are considered in the follo^^ig first group are 
deteimined by measurements of weight, volume, temperature, sv^ace 
tension, and viscotity. The second group of properties discussed are 
timse which are detennined by the obs^ation of thdr behavior toward 
dectrcmagnetic waves and Sections. 

'With rase exceptions, all these meamrtai^ts are made without the 
desfruqi^ cd the suhtiances investigated. The determinations, how- 
e^, vMsk are the basis for the thermodynamic properties to be con- 
ip tim last section, frequently involve irreversible (hmidcal 
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iG&mrG iK^irrs and bc^ino ponrrs 

The mdting point ** is characteristic for crystals. It is the tempos 
ature at which the thermal agitation of the imits compodsg the crystal 
lattice becomes so great that the lattice collapses. The heat whi(^ is 
absorbed in the transition is the latent heat of fusion. The melting 
point rises with increaang strength of the intermolecular forces and, 
therefore, with the closeness of the packing of the atoms or atom groups. 
It also varies with the type of the crystal lattice. These three factors — 
intermolecular forces, shape of the molecules, and type of the lattice — 
are interdependent. Organic molecules in many cases are flexible about 
the single bonds through torsion. They will assume certain configura- 
tions according to the forces impressed upon them, and vice versa, and 
the crystal lattice depends on the shape of the molecules and on the 
electric fields. Often more than one crs^tal form repres^tlng an energy 
minimum is possible: polymorphism. Greater symmetry and ripdity of 
the molecule increase the amount of energy necessary to produce a dis- 
turbance throu^ which the lattice collapses; e.g., the nielting point of 
fumaric acid is hi^er than that of maleic acid, and the melting point 
of succmic add lies between the two. This summary shows not only 
that constitutive factors have ample chance to influence the meltii^; 
point, but also that their influence is manifold and complex, so that no 
general dmple rules may be expected. 

Franchimont, Eykman, and van der Earn ” found that the melting 
points of organic compounds rise when two H-atoms bound to the same 
C-atom are replaced by an 0-atom, or one H-atom is replaced by an 
OH or NH 2 group, and that the melting points are lowered by repladng 
H which is bound to oxygen or nitrogen by CHs. These variations are 
readily imderstood on the basis of the a^ve general statements; the 
melting points rise with the introduction of more polarizable atoms and 
an increased opportunity for hydrogen bond formation. For the same 
readm, compounds with normal chains have, in general, hiid^ar mdting 
points than the isomers with branched chains; the shape of the former 
^ves more opportunity for H , H attractions, which are a source of 
mt^rmolecular forces. 

On the other hand, branched molecules of hi(di symmetry— ^obular 
molecutes — ^may have exceptionally high mdting pdnts; thus, hexa- 
methylethane xhdts at 104° C., and n-octane at — C. Timmer- 
mans has drawn attention to this phenomenon and sugpested that 

» liB M a«nn*n», Inst, intemi chtm. Sdsav, A 191 (lOSl). 
na d«r Bee. (rot. «Mm.. 45. 7S» (1926). 

“ TiWilMimMW. /. eWe*. phtfS., 26, m (1988). 
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globular molecules absoib a considerable amount of energy as rotational 
energy without causing a collapse of the crystal lattice. Below the 
melting point, such substances in the solid state undergo a transforma- 
tion which in many respects, e.g., in the specific heat and dielectric 
constant, makes them resemble liquids. 

In many homologous series, the melting points rise with increasing 
molecular weight, evidently through the greater intermolecular forces 
acting between the larger molecules. With the initial members of hoi 
mologous series, the addition of a CH 2 group frequently lowers the 
melting point, because the interference with the forces between the\ 
characteristic groups, like — CO 2 H and — OH, by the new groups is\ 
greater than the gain of intermolecular forces through them. In some \ 
series with strong forces between the characteristic groups, like the 
dicarboxylic acids, this lowering of the melting points with increasing 
molecular weight persists as a general tendency throughout the series. 
As the effects of the chains dominate those of the characteristic groups, 
the melting points of the higher members of a number of homologous 
series approach a common limit of about 120°.^* However, the 
convergence points for quite a number of series differ markedly, indi- 
cating the importance of the characteristic groups for the packing and 
the cohesion in the crystals, even in compounds with long chains. 

The change in the melting points of homologous series with the addi- 
tion of CH 2 is in some cases continuous, e.g., with the aliphatic alcohols, 
the ketones, and the fatty acid amides. In other series, the fatty adds, 
the normal paraffins, the dicarboxylic acid diamides, the glycols, the 
alkylmalonic acids, etc., the phenomenon called alternation or oscilla- 
tion occurs (Fig. 1). 

130 

m' 

\m' 

1 100' 

90 '^ 

80 

Fia, l.^Melfing points of homologous jnalcmic esters 0»H2 m4.iCH(CX)3R)s. 

Verkiide and Cocqpa, Jr., J2ee. trov. ^im,, 4S, 668 (1980). (Courteiy of puhlidieni). 

^ TiimneniianB, VII Congr, wJbem, froid^ 1936. 

^ Verkade md Coops, Jr., Mee. tm, thim., 49, 56S 
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The oscillatioh of physical oonstantB, like meltuig point and heat of 
crystallizalion,” sometimes consistB in the fact that, in a homologous 
series, with an increase of CHa, an inoease and a decrease of the ccm- 
stant in question alternate (see Figs. 1 and 5) ; the melting points and 
the solubility in water of the normal saturated dicarboxylic adds are 
examples of this type of oscillation. In other cases (see Fig. 2), only 



Fio. 2. — ^Viscosity of diethyl esters of dibasic acids. 

From data of Coder, Ann. Univ. Fennieae Aboenais, Ser. A2, No. 4 (1926) [C. A., 12, 3137 (1928)]. 
(Comteay of publiahero.) 

larger and smaller increases of the constants alternate with each other. 
No essential difference exists between these two types, which are called 
complete and incomplete oscillation. If the decrease or the smaller in- 
crease of the constant in question occurs when passing from a member 
of the series with an even number of carbon atoms to the next (odd) 
term, the osdllation is called even or normal oscillation; the reverse case 
is named uneven or inverse oscillation. 

The oscillation has been interpreted as due to the facts that the 
hydrocarbon have a zigzag form, which was confirmed by x-ray 

structure analysis, and that the more symmetrical members have a posi- 
tive increment, the less eynunetrical members a negative one. In ao- 
cordance with this, even oscillation of the meltii^ points u observed 
with para£Sns and terminal dihalogenides, dihydroxides and diamines, 
the dicarboxylic acids and all their derivatives, while uneven oscillation 
occurs with all^l monohalides, mercaptans, etc. 

Tammann,^* on the other hand, explains the alternation by assuming 
that, for example, fatly adds with even carbon numbers occur in two 
pdsmaorphic forms, while the odd^membered adds lack the higher-melt- 
ing modification. 

Weygand and Grfintzig ” contributed an interesting observation to 
this question. They studied homologous monoaddic triglycerides vdndi 

show 08 dllati<m of mdting pdnts, and found that oqmpOhnds 

\ 

»OwiHir,V. Ckmi. 5oe., 2«S1 (ISM). 

** Tammana, Z. emorg. digsm. C^em., lOS, S31 (USQ){Ui, 288- (1981). 

» WarSMid Mid QrQ&tBig. 4M.. 888, 813 (1938). 
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exist in potynunphous modifications. The polymorphous individu^ of 
the different homoh^ which closely resemble ^h other cty8tal-<q>ti.- 
cally were arranged in corresponding series, and it was found that the 
melting points within these series rise continuously. 

A phenomenon of somewhat related nature is the so-called peri- 
odicity. The occurrence of anomalous properties in homologous series 
at, or in the neighborhood of, the fifth (see for instance Fig. 1), tenth,^ 
and fifteenth members has been interpreted as indicating the arrange-f 
ment of the carbon atoms in a chain in the form of a spiral or helix.**| 
However, there is no indication of a periodic rendition of melting-point 
minima. Furthermore, the minima lie, with the fatty adds, at the ' 
compound with a butyl group; with the paraffins and primary aliphatic 
alcohols, at the member with the propyl group; with alkyl halides, at 
the ethyl halide, and in some series higher than at the five-carbon com- 
pound.“’ 

In the benzene series the melting points rise from the ortho to the 
mda compounds and from the mda to the para compounds if the sub- 
stituents are of the same kind. BeacaU summarizes an investigation 
of the melting points of dmple benzene derivatives as follows: The in- 
troduction of a pair of chlorine or bromine atoms in para position to each 
other increases the melting point in an approximately constant ratio. 


TABLE IV 

iHTBOooonoN or TWO Obuibins Atoms in para Position 


Benzene Compound 

M.P. cb:.) 

Ratio 

Benzene 

278.4 


p-Dichlorobenzene 

326 

1.17 

a-Tetraohlorobenzene 

410.5 

1.26 

HexadbloFobenzene 

500 

1.22 

1,2,4-Trichlorobenzene 

289.5 


Pentachlorobenzene 

858 

1.23 

Monobromobenzene 

242 


l-Bromo-2,5-diohlorobenz6n6 

307 

1.27 


etc. 


i3w ifitiodttction of a dmfde "aqmometric” halogen atom into bensene 
(Hf asymmetrk substituted hak^n benzene lowers the melting point in 
m iippnndmatdy constant ratio. The rule of Watt and Oamdloy' 

iqrmmetrioal the constitution of a bensene derivative is, the 
haffiiec is the mdting point, holds only for (ferivatives with suhsti^aeBts 
of .the .same land. 

Mat, «WHu tkm„ 4T„S7 (tS88). 
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TABLE V 

iNTBODTTCnOII Or ONX Cblobini) Atok 


Benzene Compound 

M.P. {®K.) 

Ratio 

Monochlorobenzene 

228 


Benzene 

278.4 

0.82 

1 ,2,4-Trichlorobenzene 

289.5 


1,4-Dichlorobenzene 

326 

0.89 

Pentachlorobenzene 

358.5 


8-Tetrachlorobenzene 

410.5 

0.88 

l-Bromo-3, 4-dichlorobenzene 

297.5 


l-Bromo-4-chlorob6nzene 

339 

0.88 


etc. 


Formulas have been given from which melting points can be calcu-. 
lated with reasonable accuracy. 

Austin ^ has suggested the equation 

log JIf = A + J5r„ 

where M is the molecular weight, Tm is the melting point, and A and 
B are constants. The ^nstants A md B are generally different for each 
homologous series, although the constant which ^ves the slope of 
the curve, may be the same for several different series. Thus, for 
n-hydrocarbons and n-alcohols, B has the value 0.0040, and hence the 
log M, 7m curves for these series have the same slope. Variations in the 
struetures of homologous series usually produce changes in the slc^ of 
the curves. The curves for monosaccharides, aromatic alcohols, and 
aromatic adds have n^ative slopes as contrasted with the positive 
value of B found for paraffin hydrocarbons. 

King and Gamer ” observed a relation between the number of oar> 
b(m atoms in a fatty add molecule and the entropy change on mystalEsar 
tioiL. They found that in adds containing more than twelve carbon 
atoms the heat crystaUizaUon, Q, increases at the rate of heal, 
pear g.-md[. for eyeiy two CHa groups added. In the same smies, the 
meltii^g points Srat drop to a imnimum at four or five earibion atoms 
and then rise and gradually become lii^. In this, as in most other 
aliihatio series, the odd and even mrbon compounds form linfo sepaiaite 

i»d Oiinwr> aT* CSMii, Aee., STStUSl)* 
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series, the melting points of which eventually approach a common 
curve.^ figure 3 illustrates the data of King and Gamer. 



4 8 12 16 20 24 

Number of Carbon Atoms 

Fio. 3. — Melting points and heat of ciystallization of n-fatty acids. 


(Q heat of crystallisation in calories per mole.) 

From data of King and Gamer, J, Chem, Soe., 678 (1931). (Courtesy of publiahen.) 

The heats of fusion, II, and th^ melting points in absolute tempera- 
ture, T, are roughly related by the Crompton-Walden rule: 



At the boiling point under atmospheric pressure-, the thermal agita- 
tion of the partidm of a liquid becomes so great that the particles leav- 
ing the surface of the liquid exert a pressure of 1 atmosphere. The 
energy absorbed in the transition to the gaseous state is the latent heat 
of vaporization. Ihe question whether the heat of vaporization is a 
property ibeasuzed under conditions suitable for comparison is answered 
bSi^ Guldberg’s rule that the boiling point equals about two-thirds of the 
ofiticBl temperature, liquids at the boiling point are therefore in cor- 
zeBponding states. 

(a) SJUefaraad and Waditer, J. Am. Cton, Soe., 81, 2487 (1929); (i) Ohuit and 
Hotmbt, Bd». CMm. Atta, U, 860 (1929) ; (c) Ruiie^ RuB. toe. titim. Bdg,, 41, 665 (1932). 
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A numerical relation between boiling point in absolute temperature, 
TsPi and latent heat of vaporization, X, is given by the Pictet-Trouton 
rule: 

X (in cal.) « a Tbp- 


a » 20, except for OH-containing substances, where it is about 26. 
The rule is plausible because both boiling point and heat of vaporization 
depend on the intermolecular forces.^ The deviation of the OH-con- 
taining compounds may be caused by hydrogen bonds. 

Of the numerous equations developed for the prediction of boiling 
points, the following expression of Nekrasov^* may be cited as an 
example: 


Tbp 


K 


M -S 

Vs 


M is the molecular weight, Z the sum of certain empirical equivalents 
given in Table VI, and K a constant (about 29.0 for hydrocarbons). 


TABLE VI 

Equivalents for Calculation of the Boiling Points of Organic 
Compounds (Nekrasov) 


c 

2.0 


Each C atom more than 10 

+0.26 

H 

.0 


=CH2 


+0.26 

Tert. C in ring 

.50 


— CHs on tert. C 


+0.26 

Quat. C in ring 

.76 


— CHs on quat. C 


+0.60 

Double bond in 



l==C— C= 


-0.60 

2 rings 

1.00 


l=C= 


-1.76 

Benzene ring 

1.00 


— CH=CH— 


-0.76 

Other rings 

Sat. 

Unsat. 


Sat. 

Unsat. 

3 members 

+0.75 


5 members 

0.00 

+0.60 

4 members 

+0.20 

+1.00 

6 members 

0.00 

0.00 


The calculation of the boiling point of ethane will serve as an example 
of the use of the data in Table VI. Ethane has 2 carbon atoms and 6 
hydrogen atoms; the value of S is equal to 2 X 2 + 6 X 1 » 10. If 
the value 29.0 is used for K, Tbp is calculated to be 183®. The boUing 
point of ethane is observed to be 185® K. 

The simpler formula ^ is applicable with non-polar compounds. 


Tbp 


Z 


»• London. Z. phyM. Chem,, BU. 242 (1930) ; Hirschfeldw and Eyring, Ji^Phys. Chem 
41 . 249 (1937). 

Nekraadv. Z. j^yvik. Chem., Ai41. 378 (1929). 

” Nekraiov. ibid., A148, 2l6 (1930). ^ 
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According to van Arkel," the boUing pcnnts of non-ptiar compounds 
can be computed for molecules containing only carbon and haiogeni by 
means of the formula 


Tbp 


iV - V,)* 
V 


■Ka 


V is the molecular volume, Ve the atomic volume of carbon, ai]^ 
Xa is a constant involving the a of van der Waals equation. Tl^e 
square root of a exhibits additive characteristics and can be calculated 
from atomic values.** Table VII shows comparisons of calculated ana 
observed boiling points. Tlte data of Table VII establish the g^er^i 


TABLE VII 

Boilino Points Caiknilated fbou Atomic Volumes 


11.0. Fa -22.8 

Vbt 

- 29.1 Vi 

- 39.6 Vc 

Compound 

V 

Tbp (calc.) 

Tbp (observed) 

CBr4 

127.4 

465® 

462 

CClBrs 

121.1 

428 

433 

CClsBris 

114.8 

406 

408 

CCl«Br 

108.5 

375 

377 

ecu 

102.2 

349 

349 

CCUF 

90.4 

298 

298 

CCUFs 

78.6 

249 

248 

CBriF 

109.3 

380 

380 

CBi^Fs 

91.2 

300 

298 

CFd 

55 

150 

143 

CClsI 

119 

419 

415 

CClBrr-CClBr 

126.8 

446 

445 

CCU^CCla 

114.2 

392 

394 


relial^ty of the method of calculation for norp-polar or only sligh&y polar 
compounds. 

More recently, Egloff, Sherman, and Dull ** have pvm the equation 

2’«"olog(n + 6) + 4 

wti^ T is the Imiling point in degrees absolute; n is tlM number of (Muv 
bon ntmns in the moleoule,’ a, 5, and k ate empirical constants. When 
i&ese were evaluated from the bdling points of the normal odkaneo and 
^ observed bcdling points were compaied with those calculated accord' 
iilfi to the formula above, very good agieanent was obtained, as shown 

,»Wia Aric^ See. tw.Mm.. $1 , 1081 (1888); «. 718. 788 (Ua^f 18. 81. M4 (1884) 

: Gnumsn, and DuB, /. PAst. Ch»m^ H, 780 (18^* 
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TABLE Vm 
Nobual Aixmas 
T - 746.42 log (n + 4.4) - 416,81 

T T 



Niunber of 

(Observed) 

(Calculated) 

AT 

Name of Compound 

Carbon Atoms 

®K. 

®K. 

®K. 

(Methane) 

(1) 

(111.66) 

(129.63) 

(-18.08) 

Ethane 

2 

184.6 

184.6 

0.0 

Propane 

3 

230.9 

231.6 

-0.7 

Butane 

4 

272.6 

272.7 

-0.1 

Pentane 

5 

309.08 

309.08 

0.0 

Hexane 

6 

341.88 

341.80 

+0.08 

Heptane 

7 

371.63 

371.52 

+0.01 

Octane 

8 

398.88 

398.75 

+0.13 

Nonane 

9 

423.83 

423.86 

-0.02 

Decane 

10 

447.1 

447.2 

-0.1 

Undeoane 

11 

468.9 

468.9 

0.0 

Dodecane 

12 

489.3 

489.3 

0.0 

Tridecane 

13 

607 

608.4 

-1.4 

Tetradecane 

14 

624 

626.6 

-2.6 

Pentadecane 

15 

643.6 

643.6 

0.0 

Hexadecane 

16 

660.6 

669.9 

+0.7 

Heptadecane 

17 

676 

676.4 

+0.6 

Octadecane 

^ 18 

690.0 

690.2 

-0.2 

Nonadecane 

19 

603.1 

604.3 

-1.2 


The paper contains a similar study of the boiling points of thirty 
additional analogous series of aUphatic hydrocarbons, the mean devia- 
tion between calculated and observed values being only 0.7 per cent for 
the hundred and forty-three hydrocarbons which were conmdered. The 
vakes a and h were universal for all these series, while h varied from 
series to series. Generalizations are given on the ^eot on boiling point 
of the structures of the hyxlrocarbons of tiie difimnt series. For iur 
stance, in the stra^^t-chain mdecules, a double bond in the terminal 
poedtion lowers the boiling points (relative to the normal alkanes) by 
5** to 6**, a dottUe bond in the 2-poeition (ctV and h’ona'^^dlcenee) 1ow«db 
the bciMng point less 0.6*’, while the jnesence of a tr^le bond in the 

terminal podthm zaiaeB the boilmg pmnt about 2.6**. 

When tim boiling points of polar compouruls are ealedatsd aeoording 
to van Ailsd’s fmmtda, there are appredable diffraencM between the 
observed sfd the cnltailAted values. For example, the intiroduct^ of 
brc anine into benzene to form bromobenaene an ohseived 
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14° hi^r than that calculated. The discrepanigr is due to the polarity 
of the bromobenzene. Van Arkel has studied the relationships between 
boiling points and dipole moments in a large number of aromatic and 
aliphatic compounds and calculated dipole moments from boiling points. 
Examples of the agreement between observed and calculated moments 
are found in Table IX. 

TABLE IX I 

Dipole Moments Calculated fbom Boiling Points \ 


Compound 

Moment Observed 

Moment Calculated 

B.P., “Ci. 

o-Dichlorobenzene 

2.24 X 

2.72 X 10-“ 

178 \ 

m-Dichlorobenzene 

1.42 

1.67 

172 \ 

p-Dichlorobenzene 

0 

0 

171-4 

o-Nitrotoluene 

3.70 

3.74 

218 

m-Nitrotoluene 

4.20 

4.15 

230 

p-Nitrotoluene 

4.40 

4.3S 

238 


The correlation of the boilit^ points to the factors governing the 
intermolecular forces, like dipole moments, polarizability, and presence 
of hydrogen bonds, has been presented by Htickel,’*’ and the following 
rules will need little explanation, because their connection with the inter- 
molecular forces is evident. 

Of isomeric non-cyclic compounds, the one with the normal carbon 
chain always has the highest boiling point. With increasing branching 
of the chain, the boiling point falls. 

Of isomeric alcohols, halogenides, nitro compoimds, etc., the primary 
compounds have tiie highest boiling point; the secondary have lower 
ones; and the tertiary, the lowest ones (screening of the polar group). 

Of isomeric bicyclic compounds, those in which the rings are con- 
nected by bridges (which give flexibility to the molecule) have lower 
boiling points than those with condensed ring systems. 

Of eia^rans isomers, the cis compound has the higher boiling point 
and the higher dipole moment. — 

The bi^r and more compact the substituent (screening), the more 
the approach of a substituent to a carbonyl group depresses the boiling 
pdnt. 

Of isomers with more than one double bond, those with conjugated 
douUe txmds have the higher boiling points (higher polarizability of 
4 ysi{»ns of conjugated double bonds than of isolated ones). 

A more detailed analysis of the part which the various intermolecular 
forots jphiy in tiie boili^ points of compounds containing one or two 

. wHScImI, "T&eoretSselie QrancDacen d«r orgATUAchfrn CSieime,” Akademiache VeD 
Leiiwig, ISSfi, Tol. 2, p. 122. 
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carbon atomB in combination mth halogen and hydrogen biw been 
^ven by Stevels." 

SOLUnUTY 

Solubility, the temperature coefficient of solubility, and the tendency 
to crystallize in and from various solvents are very important properties 
for practical work in organic chemistry. Some generalizations which 
have been suggested by Hildebrand and others concerning these prop- 
erties may be useful, although many exceptions can be found. The 
absence of more reliable relationships between solubility and constitu- 
tion is imderstandable, because the solubility depends on intermolecular 
forces (solvent/solute, solute/solute, solvent/solvent), the connection of 
which with structural elements is hi^y complex. 

Substances dissolve in water if they can form hydrogen bonds with 
water (such as alcohols, acids, ketones, ethers, esters, amines, and ni- 
triles). 

Non-electrolytes do not dissolve in water if they cannot form hydro- 
gen bonds with water (such as hydrocarbons, halogen derivatives, and 
carbon disulfide). 

The solubility of hydrogen bond liquids in water and in non-hydrogen 
bond liquids depends on the number of — OH and — ^NH 2 groups and 
the size of the hydrocarbon part of the molecule. For instance, metha- 
nol is soluble in water but not completely miscible with heptane (at 
room temperature), while n-butyl alcohol is incompletely miscible with 
water but completely miscible with heptane. 

Belatively high solubilities of halogenated hydrocarbons and of 
acelylenic compounds in various solvents indicate the existence of 
CH 0 and CH *- N hydrogen bonds." 

Compounds with rig^d molecules are less soluble than compounds 
with flexible molecules. 

Of two solids having approximately the same heats of fumon, the one 
having the hi^er melting point is less soluble in a given solvent at a 
given temperature than the one having the lower melting point. 

If two solids have equal melting points, the one with the greater 
heat of fusion will be less soluble in a given solvent. 

If two substances have essentially the same heat oi solution, their 
solubilities in a given solvent will be in the order of thtir mdting points. 

All nomml liquids (non-hydrogen bond liquids) are miscibie (unless 

" Stevait, Rae. (ra«. ehtm., as, 229, 2ii (U39). 

" ZUldebrand, “SdufaiHlar.’’ 2ad wL. IMnh<dd Fublidhiag Carp^ Nmt TdA (1989). 

NZetthoafer. Ck^lay, ud ManwL J. Am. Chmn. Roe., SO, UST (1988); Oqpiagr imd 
Hdlasr. OuL, Sa. 1899 (1989). 
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thdr internal preasores are greatly different), onoe the energy diange on 
mixing is very small and the enixopy increases. 

A mrasure of the intermokcular forces mentioned above is given by 
the internal pressure, Le., the term a/v’, in the van der Waals equation, 
whiidr makes allowance for the defidt in the external pressure. The 
internal pressure may be appnndmated by an ecpresdon more con- 
veniently measured, 1/a, where Z is the molecular heat of vaporizalidn 
and V is the moleoidar vdiume.” Substances without hydrogen bone 
and with internal pressures nearly equal are more soluble in each othe 
than those the internal pressures of wbidi differ appreciably from 
other. Ihedifferenoesinsoluldhtyof a solute in a series of solvents will^ 
th^efore, be determined by the differences between the internal pres-^ 
sures of the solute and the various solvents. Mortimer ** has tabulated 
data on the solubility of p-dibromobenzene in a variety of solvents of 
different internal pressures, and it will be noted that the ideal solubilily 
of 24.8, i.e., the solubility of p-dibromobenzene in pure p-dibromoben- 
zene, is approached when the internal pressure of the solvent is nearly 
that of p-dibromobenzene. When the internal pressure of the solvent 
differs greatly from that of p>dibromobenzene. the solubility of the 
latter is rdatively low. 

TABLE X 

SOLXIBIUTT OF p-DlSaOHOBENZENlI 


Solyent 

Internal Freasure 

Solubility, Moles Solute 
per liter of Solvent 

Hexane 

O.fifi 

8.6 X 10-* 

Diethyl ether 

0.62 

18.3 

Carbon tetrachloride 

0.81 

19.3 

Benxaie 

0.96 

21.7 

l>-Dibromobenzene 

1.00 

(24.8) 

Carbon disulfide 

1.18 

22.4 

Nitrobensene 

1.07 

17.4 

Aniline 

1.4 

10.7 

Phenol 

1.4 

4.67 

Ethyl Alcohol 

2.9 

1.98 


EQSdebtwd* has pdnted out that Baoult’s law can scnnetimes be 
utiliaed in the detomiiration of solubilities. liquid substurces showing 
x^ l^ts of solution or no deviations from additivity of volumes bn sdu- 
tinh ha geimral obqr Baoult’s law; the evolutirm of heat at a decrease 
upon ifissolving cme substance in anotho* usually inchoates 
a mgative deviation from the law, wh^eas changes in the t^tpodte 
dhseetian indicate a posittve deviatiim. 
xVarilnHr, iML. «. SS8 (1029. 

' «Bildrimid.Mf..n;ae(1029i«T.07O(10U»* 
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SURFACE TimSION 

Surface tenmon is the tendency of a Hquid to diminiah its mirfaoe, the 
term “surface” meaning the interface between the liqtiid and its vapor 
or a different gas. It is caused by intermolecular forces and has the 
dimenidon dyne/cm. The surface tension between two liquids, called 
the interfacial tenaon, is determined by the surface tension of each and 
by the attractive forces exerted between the unlike molecules. 

Many methods have been devised to measure the surface tension, 
fpr instance, by determining the wei^t of droplets, the rise of a liqmd 
in a capillaiy, or the force necessary to detach a solid from the surface 
of a liquid. 

A general relationship between surface tension and temperature is 
given by Ebtvds,** and Bamsay and Shields: ” 



where y is the surface tension, M the molecular wdght, D and d the 
dendties of the liquid and gaseous forms of the substances, Te the critical 
temperature, T the temperature of observation, and K a constant. K 
usuaUy has a value of about 2.1 for non-associated liquids when the 
temperature is expressed in degrees Centigrade. 

The equation becon^es invalid for associated liquids, in which several 
molecules of the same species are coalesced to a d^ree of firmness which 
enables the group to act as a unit during measurements. Association 
frequently causes deviations from generalized rules applying to those 
properties; thus, it is often responsible for boiling points being hii^er 
than predicted and for timilar increases in viscoaty, denmty, and re- 
fractive index. The degree of association is largely determined by the 
interrooleoular forces, of which, in this respect, the most impcurtant are 
the hydrogen bond formations. Therefore, in addition to determina- 
tions of molecular weights in sohitions, the most agnificant infoiination 
on assodation is obtained from studies of the hydrogen bonds by means 
of infrarred absorptions and Raman spectra.” 

One of the various other equations relating tanperature ai^ surface 
tension riiows tire $ve-axths powa of the surface t ena p n varying Snearly 
with the temperature. In fig. 4, where y** is plotirid against T fwr 
several substances, it is sem that many Equids obqy the eaq^onantial 
A«m. PAvtO;, «r, 483 (1886). 

** BawHW Md Oiialds, 2. C%m., lA 488 <1888>{ SM. Bom ud Ctoui^ 

PAvriifc. 2., 14,^81 (1818). 

« Rodtlxiih Mid Enflrcg. /. jmvfc 246m.. 48 . 818 ( 
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law, whereas certain compounds, sudi as methyl alcohol and acetic acid, 
deviate from it. Here, again, the compounds which do not follow the 
law are associated, and the deviations are probably due to changes in 
degrees of association with temperature.** 



Taken from S\i|^en, **The Parachor and Valency,” RouUedge and Bone, Ltd., London (1030). 
(Courteay of the puUiahen.) 

The analysis of surface-tension data for the purpose of assigning 
additive and constitutive values for various atomic groups and linkages 
has not been very successful. This is due, as mentioned above, to the 
complexity of the effect of these factors on intermolecular forces. It is 
well known that molecular orientation at the surface plays a large part 
in the determination of the surface tention of a liquid.** 

With respect to interfacial tension, BarteH reports that when two 
liquids are mutually insoluble, e.g., in systems c^prising an organic 
liquid and mercury, the individual interfacial-tention values between 
one liquid and the members of an homologous series decrease progres- 
slvdy if the surface-tension values of the members of the series increase 
progressivdiy. With a strongly polar substance like water as one of the 
interfsKaal liquids, the interfadal tension of sdiphatic compounds de- 
efeaaeB in the order: saturated hydrocarboirs, unsaturated hydrocarbons, 
(pikyl halides, estons, ethers, ketones, aldehydes, amines, alcohols, acids. 

^ BnteilMea, / . phy$„ M, 418 (1982). 

Sm. M«dmi S, 116 (1980). 

«> BwtoU and oo-iroilMn, J. Am. Chem. Soe.. H, 2419 (1988). 
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TABLE XI 

iMTDitrAciAL Tenbioms (Dynea/ciu.) 


Phase 1 

Phase 2 

Air-Vapor 

Water 

Hg 

Water 

72.76 


376 

Benzene 

28.86 

36.00 

364.3 

Toluene 


36.1 

363 6 

Chloroform 

27.1 

32.80 

367 

Aniline 

42.66 

6.8 

341 

Diethyl ether 

17 

10.7 

379 

Nitrobenzene 

43.38 

26.66 

349 

n-Hexane 

18.43 

61.1 

379.9 

n-Heptane 



378.7 

n-Octane 

21.77 

60.81 

376.0 


DENSITY AND RELATED PROPERTIES 

The density d of a substance is defined by d = mfv, where m is the 
'mass and v the volume, ^ence, the volume of unit mass is v — 1/d, 
and that of one mole,, the molecular volume, M « =: M/d, where M is 
the gram-molecular wdght. For ideal gases, d is proportional to M 
and the molecular volume is constant (22.4 1). The density and, h^ce, 
the molecular volume of liquids and solids is a constitutive property, 
which depends upon temperature and pressure, i.e., on the variation of 
the intermolecular distances with changes in these two variables. It is 
therefore important for comparison and evaluation of molecular volumes 
to determine d at corresponding states, or to reduce the effect of thermal 
a^tation on the intermolecular distances by making measurements at 
low temperatures or at high pressures. 

Biltz ^ and his co-workers have ti^ated the relation^ps between 
the ntiUpunJdsvolume, obtained by extrapolation of the temperature- 
denaly curves to abmlute zero, and the constitution oi organic com- 
pounds in the li<;piid and solid states. The analysis of the data has led 
to constitutive and additive munerical constants which ^ve reasonably 
satisfactory values whm compared with those obs^wed. Tdble XII 
lists a number of compounds for which the nuUpunktsvolumes have bem 

** Bilta awf o«>w<»keM, Z. phyeOt. Chm,, AUl, IS (IMQ). «ad othar i»iwn ia tUa 
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determined experimentally and calculated. Included in the table are 
the corresponding parachor values for later reference. 


TABLE xn 

PaBAOHOB and NnUiFDNKTByOLTJiaD VaIiTTBS or SOMB Ttficai. 
Oboanio CknoovNDB 


Compound 

NuUpunktsvolume 

P (using M. and P.’s Factors) 

Calc. 

Obs. 

A 

Calc. 

Obs. 

A 

Methyl alcohol 

30.2 

30.5 

+0.3 

85.4 

88.3 

+2.9 

Ethyl alcohol 

45.2 

44.7 

-0.5 

125.4 

126.8 

+1.4 

Ethane 

41.6 

40.0 

-1.6 

110.8 

110.5 

-0.3 

Formic acid 

29.5 

29.1 

-0.4 




Acetic add 

44.5 

44.7 

+0.2 

130.6 

131.2 

+0.6 

Acetone 

55.9 

55.2 

-0.7 

159.0 

161.5 

+2.5 

Acetaldehyde 

40.9 

38.3 

-2.6 




Ethyl ether 

75.2 

76.8 

+0.6 

211.3 

211.7 

+0.4 

Stearic add 




770.6 

778 0 

+7 4 

Gy clohexanol 




255.4 

254.9 

-0.5 

Benzene 

67.2 

69.3 

+2.1 

205.4 

206.3 

+0.6 

Naphthalene 

100.4 

102.5 

+2.1 




Anthracene 

133.6 

135.8 

+2.2 




Toluene 

82.2 

83.6 

+1.4 

245.4 

246.2 

+0.8 

Xylene 

97.2 

98.2 

+1.0 

285.4 

283.8 

-1.6 

Medtykne 

112.2 

111.2 

-1.0 

321.8 

320.8 

-1.0 

Ethy&enzene . . . ^ . 

97.2 

97.7 

+0.5 




Fto^lbenzene 

112.2 

116.2 

+4.0 




BenzaMehyde 

81.5 

82.4 

+0.9 

253.6 

255.1 

+1.6 

Me^l aalicylate. . 




821.8 

323.7 

+1.9 


It wiH be noticed that the calculated nullpunktsvolumes for ahr* 
compounds ate for the most part greater than the observed 
values; for aromatic compounds, the calculated values are uniformly 
lower &an the observed. Additional constitutive factors which take 
accotmt of ting formathm, steric effects, etc., must be introduced in the 
ealocdatiim if better agreement between observed and computed values 
is'to lenudiaed. 

influence of the crystal form of solid substances on their null* 
is illustrated in Fig. 5, whiifli graphical^ presents the 
uifljQpmiktsvicfloines members of two homol<^;ooB smies. The altemat* 
UEig; eChai^ Uf the even and odd mmnbers of the series, which ki ohaimster* 
UkltiBg points, is also found in the volume values of solid cem^ 
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pounds. The tndieealar volumes and paraehors of oonesponding liquid 
substances do not show this alternating effect. 

The mcleeular volum of liquids has been studied by Eopp. After 
searching for the most suitable conditions, he chose to determine the 
densities near the boiling points. According to Guldberg’s rule, the 



2468 2468 

N umber of Carbon Atoms N umber of Carbon Atoms 


Dicarboxylic acids Fig. 5 n^Paraffin hydrocarbons 

(As differei|QO in nullpunktayolume; At differenoe in melting point.) 

Taken from Blits, Fisoher and WAnnenbeig, Z. physik. Ckem., AlSl, 13 (1980). (Oourteay of 
piiblishers.) 

boiling points are numerically about two-thirds of the critical tempera- 
tures and therefore represent corresponding states. The following table 
gives the atomic constants as determined by Kopp. 


TABIiE Xin* 


c 


11.0 

H 


5.5 

-0- 

(linked to two C atoms) 

7.8 

-0 

(linked to one C atom) 

12.2 

-8- 

(linked to two C atoms) 

22.0 

-S 

(linked to one C atom) 

28.6 

a 


22.8 

Br 


27.8 

I 


87.5 


_ * Smilwi, ‘"Tha Bilvtioa babraan CSiclBleal OonitUviam and AjFBioil f t op ai U a.,” T ia n g m a i n 

Oiaan * LwAm a»US. 

Oons^tuMve factoxa were evaluated for unsaturatum* ohaih lengUi, iso* 
merum^i^ 
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The detennioation of d at corresponding states eliminates variations 
caused by intermolecular forces. The elimination of intermolecular 
forces is also accomplished by measuring the partial molal volumes of 
substances in dilute solutions of inert solvents. From measurements 
of partial molal volumes of various compounds in the same solvent and 
at the same dilution, Traube ^ concluded that in dilute solutions molec- 
ular volumes or molecular solution volumes, as he termed them, could 
be calculated from atomic constants. Later work^ has applied this 
principle of molecular volumes observed in dilute solutions to the call 
dilation of additive constants with a considerable degree of success. \ 

An excellent example of the utility of the ssrstematic study of a| 
physical property for purposes of predicting and checking numerical \ 
values of the property is afforded by a study of the molecular volumes ‘ 
of normal alkanes as reported by Calingaert and Hladky ’’ and others." 

Another method of taking account of intermolecular forces in cal- 
culating additive and constitutive factors of molecular volumes has been 
developed by Sugden." Macleod observed the empirical relationship 
7 = C(D — d)*, where 7 is the surface tension of a compound, D its 
density in the liquid form, d its density in the vapor form, and C a 
constant. Sugden multiplied this expresraon by M, the molecular weight, 
and obtained 


D-d 




P 


where P is called the parachor. 

At the critical temperature, the surface tendon of a compound is 
zero, dnce the intermolecular attractive forces are equal to the thermal 
kinetic forces. Since 7 « 0 for all compoimds at their critical tem- 
peratures, molecular volumes measured at these tanperatures are more 
strictly comparable when additive and constitutive factors are bdng 
investigated. Sugden has pointed out that the parachor for most sub- 
stances is equal to 0.77 .times the molecular volume at the critical tem- 
perature, i.e., P/Ve “ 0.77.* ~ 

In Table XIV are foimd data ^ven by Sugden. In this table, P is 
the experimoitally observed parachor, Ve is the molecular volume at the 

^'Traube, Samnd, them, 6km>,4edk, VorMge, 4 , 256 (1899). 

^ Cohn, McsMeddn, Edsall, and Blanchard, J, Am, Chem, Soe,^ 56 , 784 (1934). 

^CaUngaert, Beatty, Kuder, and Thomson, Ind, Eng, Chem,^ 38 , 103 (1941). 

^j^igden, **The Parachor and Valency," Routledge and Sons, Ltd., London (1930). 

* It would seem at first sii^t that P should equal aero at the critical temperature, 
y m Oe This JB uot nocessarily true, because D— d also equals aero, and the quotient 
ol md D^d Sb indetenninate. There is therefore no reason to eiq;>ect a sudden dis- 
umidxMgt bs tlie value of P as the temperature approachee the critical temperature. 
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critical tempoiature, and a is the molecular area as calculated from 
collision munbers. 


TABLE XIV 

Paiuchobs, CamcAL Volthieb, akd Mean Collision Abeab 


Compound 

P 

Vc 

PIVc 

o(X 10“) 
cm* 

P»/o 

Propyl acetate 

256.1 

345.3 

0.74 

17.11 

2.30 X 10“ 

Ethyl acetate 

217.1 

286.3 

0.76 

16.01 

2.41 

Methyl acetate 

177.0 

227.8 

0.78 

12.80 

.... 

Methane 

73.2 

99 

0.74 

7.72 

2.27 

Ethane 

110.6 

143 

0.77 


.... 

Ethylene 

99.5 

127 

0.78 

10.81 

2.16 

Methyl chloride 

110.4 

136 

0.81 

9.67 

2.38 

Ethyl chloride 

149.4 

194 

0.77 

11.94 

2.36 - 

Methyl formate 

138.6 

172.0 

0.81 

17.11 

2.30 

Ethyl propionate 

254.8 

344.3 

0.74 


.... 

Diethyl ether 

211.7 

281.9 

0.76 


.... 

Benzene 

206.3 

256.1 

0.81 

13.83 

2.52 

Chlorobenzene 

244.5 

307.8 

0.80 


— 



Mean 

0.77 

Mean 

2.32 


The analysis of parachor values has proved highly successful. Much 
work has been done on the numerical values for the various structural 
units. Sippel has prepared a set of atomic constants for non-cydic 
compounds and. a series of increment values for cyclic compounds; 
reasonably satisfactory values are obtained by his method, although no 
reference is made to the linking of the various atoms. Mumford and 
Phillips " have revised Sugden’s constants to correct errors in the parar 
chors of higher homologs and have considerably improved the accuracy 
of Hie calculated values, as compared with those observed (Table XII). 
Vogel • has also recently revised some of Sugden's original values. 

Parachor values for some structural units, as calculated by various 
investigators, are collected in Table XV. A computation of the parachor 
value for benzene illustrates the use of the data. 

Benzene has 6 carbon atoms, 6 hydrogen atoms, and 3 double bonds; 
it is a six-membered rii^. If Mumford and Phillips’ values are used, as 
given in the table. Hie calculation is: 

P - (6 X 9.2) + (6 X 16.4) + (3 X 19) +0A - 208.4 

The value computed from the experimental observations is 206.3. 

Sippel. Bern 48. 2186 (1980). 

** l4uiiifaitl and FUlUpa, J- Chttn. Soct 2112 (1029). 
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TABLE XV 

Atomic amb Stbucicbaii Constants sob CamjciiAtion of thb Pabaghob 



8* 

M.P. 

V. 

CHs 

39.0 

40.0 

40.3 

C 

4.8 

9.2 

11.5 

H 

17.1 

15. 4t 

14.4 

0 

20.0 

20.0 

.... 

Os (Ester) 

60.0 

.... 

.... 

N 

12.5 

17.5 

.... 

S 

48.2 

50.0 

.... 

F 

25.7 

25.5 

.... 

a 

54.3 

55.0 

.... 

Br 

68.0 

69.0 

.... 

I 

91.0 

90.0 

• . • ■ 

Singlet bond 

.... 

-9.5 

.... 

Double bond 

23.2 

19.0 

.... 

Triple bond 

46.6 

38.0 

.... 

3-Membered ring 

16.7 

12.5 

• . • • 

4- « « 

11.6 

6.0 

• • • • 

6- '' " 

8.5 

3.0 

• . • • 

e- “ 

6.1 

0.8 

.... 

7- ** ** 

.... 

-4.0 

.... 

•a. « Bikgdeb; M.P. - 

Muxnf<»d and PhiUipe; V. 

- Vogel. 


t H linked to C; fcff H linked to 0 or N the value ia 10.0 or 

12.5, reepeotively. 


Langmuir " and Harkins ***’ developed methods for spreading or- 
ganic compounds on surfaces where tiiey form coherent monomolecular 
layers. From the known amoimts of the substance, G, the extent of the 
siuface, F, and the molecular wdght, the space occupied by a single 
molecule, /, can be calculated by means of the equation 

FM 

NQ 

where N » Avogadro’s number. Langmuir found, for a series of fatty 
adds and alcohols spread on water, that the surface occuined was inde- 
pendent of the ntimber of carbon atoms in the chaio-and equaled about 
23 X cm.^ per molecule, while the thickness of the layer was 
proportional to the chain length and increased 1.2 to 1.3 A par CHs 
group. It was concluded from these data that all molecules .were 
arranged cm the surface of the water so that the hydrocarbon chains 
were erect and had a z^sag form. 

Ack^onal methods for the determination of the dzes of molecules, 
wiu^ lii% however, of less importance for organic chanistry, are those 

wiAMiddr, J. Am. Ohm. See., ». 184S aUT). 

'*SMltes, Btawn, and X^Avies, ibid., St, S54 (1017). 

DBviM, and Caark. ibid., St, Ml (1M7). 
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based on the detennination of & in the van der Waab equation, on SMBas- 
urements of the internal friction of gases and liquidSi and <ni measuie- 
ments of the coUiMon areas of gases. 

VISCOSITY 

The viscosity, Vi of a liquid is a measure of the resistance set up by 
intermolecular attractive forces to the passage of one molecule past 
another. Viscosity data are therefore subject to the same difficulties 
of analysis as those of other properties which depend upon the mutual 
attraction of molecules. Viscosity is strongly dependent upon tem- 
perature, and measurements designed to separate the additive and con- 
stitutive components of this property must be carried out under condi- 
tions which are equivalent for all compoimds. 

Some measure of success has been obtained in efforts to prepare 
series of numerical constants from which molecular viscodties can be 
calculated. Dunstan and Thole " have developed the formula log 17 
s aM + 5, where M is the molecular weight, a a general constant, and 
h a constant characteristic of an homologous series. By means of this 
formula, logarithmic increments for various atomic groups have been 
calculated. 

TABLE XVI 

Incbiement Fagtobs fob Viacosrrr Fbebigtion (Dunstan and Thoub) 


CHa 

0.107 

Alcoholic 0 

2.12 

Aliphatic H 

0.034 

Double bond 

1.847 

Aliphatic 0 

0.098 

n^Carbon 

-1.761 

/co-Caibon < 

-0.030 




Fluidity, which is the reciprocal of the viscosity, has been shown “ 
to be a function of the vapor pressure. At high vapor pressures the 
relationship is nearly linear, and from data taken in the rang^ whw this 
linearity holds it has been possible to calculate increment factors for 
fluidity. 

TABLE XVII 

InCBBIISIMT FaCTOBS fob PBXDlCnON OF Fluzditt (Binobam) 


Carbon 

Fluidity 

-96 

Hydrogen 

Fluidity 

69 

Oxygen 

24 

/eo-linkage 

-76 

Double bond 

114 

Sulfur 

76 

ChlcKrine 

109 




" Dimiton and Thole, J. Iiut. P^roleum Ttck., d, 161 (1618). 
'• BlniOiam wd %woiier, J. Shxi., «. SSI 0688). 
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Prasad ** has observed regularities in the temperature-visoositY re- 
lationships of mmbers of homologous series. He finds indications that 
the odd and even members of the series fall into separate groups. 

Staudinger, in his studies on the viscosities of solutions of high- 
molecular-weight compounds," has introduced the term specific viscosity, 
v«p, which is defined as the increase in viscosity which is produced in a 
solvent by dissolving a unit amount of a substance in a unit volume of 
the solvent. He has made use of the expression ri,p/C » KL, where 
C is the concentration of a primary molal solution (1.4 per cent 
CH 2 /IOOO), K a constant, and L the length of the carbon chain i^ 
Angstrdm units of the nuiterial being investigated. For simple, nor 
organic compounds, such as paraffins and fatty acids, the specific 
cosity of a primary molal solution may be expressed as vap (1>4 per 
cent) => ny + x, where n is the number of carbon atoms in the chain, 
y the viscosity of a single carbon atom, and x that of oxygen. For 
many compounds, y is approximately constant. The plot of titp/C 
against the number of carbon atoms for several homologous series shows 
that the slopes of the lines are approximately the same; the intercepts 
on the n»p/C axis therefore give the values of x for each series. Some 
of Staudinger’s results are shown in Fig. 6. 

Hug^ns," from general considerations, derived a formula which 
accounts quantitatively for the viscosities of solutions of the paraffins. 
The equation is of the same form as Staudinger’s. Random distribu- 
tion about single bonds is assumed, and the effects of restricted rotation, 
as well as of the size of the solvent molecule, find a rational interpreta- 
tion. 

Staudinger has extended his concept of additive group viscosity 
values to considerations of the viscosities of high-molecular-weight 
polymers such as cellulose and its derivatives. From his data he has 
calculated the molecular weights of such compounds and has computed 
the numbers of structural units in the polymeric chains. Some of his 
results do not agree with values obtained by other methods of measure- 
ment. 

Floty " measured the viscosities of molten lineef polyesters having 
average molecular weights in the range 200 to over 10,000. He found 
that the logarithm of the viscosity is precisely a linear function of the 
square root of the wdght average chain length throui^out this range. 

** Prasad, J. Indian Chem. Soe., 10, 148 (1033). 

^ Staiidiitger, **Die hochmalekularen organischen Verbindungen,*’ Springer, Berlin 

(fmh 

Hugghis, /. Pky. Chem., 4S, 011 (103S> ; 43, 439 (1980) ; J. Applied Phye. 

<1980). 

noiy. /. Am. Chem. See., Ot, 1070 (1040). 
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Harms “ has treated the relation between the visoodiy of a liquid 
and the chemical constitution of its molecules. He showed the influence 
of the intermolecular forces and the temperature agitation on the mole- 
cides and explained the change of the viscodty with varying temper* 
atures and pressures. 



Fiq. 6. — ^Viscosity changes in homologous series. 

I -i fv-fatty acids in pyridine; JJ ■> f»-fatty adds; JII n-fatty acid esters (sthyD; 17 * 
n*parafBns; V nraloohols. 


Eyring,®** Ewell and Eyring,"® and Kincaid, Eyring, and Steam 
have treated viscosity from the standpoint of modem reaction kinetics; 
the molecules, whftftring past each other, xmdergo a series fS. reactions 
involving the intiramolecular forces. The results arrived at show good 
agreement with the experiment and justify this fundamental tieatment 
of the subject. 

•* Huma. Z. phytik. Chetn., B44, 14 (1939) 

** (a) Bjnciax, /. Cftm. Phy,. 4. 283 (1936); (b) Ewdl Atf.. 1, 726 (1937); 

Ce) Kiiwald, Eyrins. and Steam, Cbem. SS, 801 (1941). 
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Hw refradm vndat, n, of a substanoe is the mtio of the velooitsr of 
is Taeuum to the Wocity of light in that sttbstasoe. Since the 
latter quantity is diminished by the interaction of the li^t vaves with 
the electrostatic and electromagnetic fidds in the molecules, n depends 
upon the polarizability of the atoms, wfaidi m turn is modified by their 
arrangement in the molecules. This relationship is well understood and 
formulated in the dispersion formula.** On account of thamal expa]:]|- 
sion effects, the refractive index varies witii the temperature, while thf 
specific refractivity, r, as proposed by Lorentz and Lorenz,"* 


n»- 1 1 
“ n* + 2 ■ d 


The denfflty, d, is very nearly inikpendent of pressure and temperature. 
The product of r with the molecular weight is called the molecular refrac- 
tion. According to Maxwell’s theory, the square of the refractive index, 
for infinitely long waves, is identical with the dielectric constant, c. 
In so far as the condition = e is fulfilled for the wavelength at which n 
is determined, the molecular refraction becomes identical with the total 
molecular polarization (p. 1753). 


P 


6-1 M 
6 + 2 d 


Another useful function has been suggested by Dale and Gladstone: 


r 


n — 1 
d 


Thou^ this formula also ^ves constant and analyzable values, it is 
theoretically less ngmfieant than tiie above-mentioned Lorenz-Lorentz 
equation. 

The refractive index varies with the wavelength of B^t, and it is 
therefore necessary to designate the wavelength at which the measure- 
ment is made. This is customarily done by using a subsm^; thus, 
ktcBoaies tire r^i;active index as observed with tire hydrog^ a Ikie; 
Jfs thotndeeolar r^raeticm as measured with tire sodnim D Bne, and 
JfiMki f^^^BColar refraetitm at X 546.1 utm (tire nrerctay green &ie). 
Hn tiW et cnee between moleadm* refractions measured at two- wave* 
is called tire molecular diepereion. 

- ‘"httrattootioa to Theorotieal FfwnM,” Van Koctfaad, Maw Toric (tSMO.P 

«• Xxmnta Witd. Atm.. 9 , 641 (UBO); m tmem, Mfc. tt. 70 (ISM). 
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Hut mathematical analysis of data from measurmients of molecular 
refractions has led to the ass^nment of values for the atoms vdiidi con-' 
stitute tiie compounds, termed atomic r^rcuMons. Where the atoms are 
bomid by other than mngle linkages, e,g., C=C, additional values, Incre- 
ments, are assigned for these linka^. In Table XVIII are g^ven some 

TABLE XVm 


AtOUIO FaOTOBS >0R CaLCULATINO MoLKCUIiAB BjDVBACnONS 


Atom or Group 

H. 

D 


H, 

— Hu 

— CHr- 

4.698 

4.618 

4.668 

4.710 

0.113 

0 

2.413 

2.418 

2.438 

2.466 

0.056 

H 

1.092 

1.100 

1.115 

1.122 

0.029 

0(carbonyl) 

2.189 

2.211 

2.247 

2.267 

0.078 

0 (ether) 

1.639 

1.643 

1.649 

1.662 

0.019 

0 Oiydroxyl) 

1.522 

1.525 

1.531 

1.541 

0.015 

a 

5.933 

6.967 

6.043 

6.101 

0.168 

Br 

8.803 

8.865 

8.999 

9.152 

0.340 

I 

13.757 

13.900 

14.224 

14.521 

0.776 

N (prt.-amme) 

2.309 

2.322 

2.368 

2.397 

0.086 

N (<eo.-^amine) 

2.476 

2.499 

2.561 

2.603 

0.119 

N (<eH.-frmine) 

2.807 

2.840 

2.940 

3.000 

0.186 

S (mercaptan) 

7.63 

7.69 

7.83 

7.98 

0.35 

ON 

5.434 

5.459 




0»=C (double bond) 

1.686 

1.733 

1.824 

1.893 

0.200 

C^C (triple bond) 

2.328 

2.398 

2.506 

2.538 

0.171 


of these factors determined by Auwers and Eisenlohr."- The headings 
in the columns imclicate the wavelengths of light used in the measure- 
ments. The values for the molecular dispersions are given in the last 
col umn . The addition of these values lea^ in many cases to molecular 
refractions in agreement with the observed values. However, in other 
cases, differences are found between the calculated and the observed 
values. These differences have in turn been analyzed and allocated .to 
obtain constitutive factors. These so-called exdUcMona of the molecular 
refractions are indicated as EM, and the exaltations for the molecular 
or specific dispersions by EQSy — ilf«) or EMy^ 

While the uuuement ((>»C) (Table XVIII) adequately r^nesents 
any number of isolated double bonds in the molecule, the presmroe of 
conjugation between two or more double bonds ^ves rise to an exalta- 
tion. Examines of these effects were presented in Table XV, p. 1741, 
Of the first edition (ff this work. The exaltation increases as the Imigth 
of the ooiiju|^(ted becomes greater, provided that the d u d n is 

** Amrara aad QmiiIoIu-, £«r., «S, S06 (1910). ud mbwcaeat aitklM in this lowuil. 
4*m.. and 7. imM. CtaM. 
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xmsubstituted. For a given chain, the exaltation decreases progressively 
as the carbon atoms are progr^sively substituted with R groups. 
Exaltation is greatest for a linear conjugated system and decreases as 
the i^stem becomes more and more branched. 

In a study of the exaltation of methylbutadiene derivatives,^ it was 
observed that the shifting of the methyl substituents to the center of the 
conjugated system resulted in a marked lowering of the exaltation. The 
exaltation is the result of an increased polarizability of the system. 
Where this is offset by resonance, as in benzene, furan, thiophene, p:y 
role, and (^clopentadiene, the exaltations become negligible. Althoij 
these aromatic compounds show practically no exaltation, the polycyclid 
compounds derived by their combination have decided exaltations, 
shown by Table XIX. This fact has been interpreted as an indication 
that only one ring in such compounds is truly aromatic, the other rings 
producing the exaltation characteristic of normal unsaturated conjuga- 
tion. 

TABLE XIX 




EMy^a 




Relation Between Cyclic Structure and Refraction 



Benzene 
-(-6 per cent 



Benzene 
+6 per cent 



Benzene 
+6 per cent 


+ o 

Cyclopentadiene 
—0.5 per cent 

O 

Cyclohexene 
0.0 per cent 



Indene 
+35 per cent 


00 

Tetrahydronaphthalene 
+16 per cent 



Naphthalene Phenanthrene Anthracene 

+€i0 per cent +90 per cent +170 per cent 


DIPOLE MOMENT 

The ekdric moment or dipole moment ^ between the centers of gravity 
of the positive and negative charges is the product of charge, e, and 
distance, 1. Since it is zero for all molecules in which the cent^ of 
ipavity coincide, the presence or absence of a moment can give definite 
dues to the constitution of compounds. Thus, the finite moment of 
the igmmietrical ethers, like dimethyl ether, proves the angular nature 

^ Fmemt aad Warren, /. Cftem. Sec., 3221 (1981)^ 

^DehFS» **Pcto Mdeeulaa,” Chemical Cati^ Co.i New York (1929). 
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of the oxygen valences; that of the triallsylamines, like trimethylamine, 
argues against thdr planar structure. The absence of a moment for 
methane confirms the tetrahedral structure of this compound; the mo- 
ment zero of the dichloroethylene of b.p. 48° shows that this isomer is 
the trana compound, etc. 

The determination of the dipole moment is based upon the measure- 
ment of the dielectric constant, c. The dielectric constant of a sub- 
stance without a dipole moment is determined only by the intamal 
polarization, i.e., a shift of the electrons, electron polarization, and of 
the atoms, atom polarization. The atom polarization, which usually 
can be ne^ected,** will not be considered in the foUovnmg. A molecule 
with a dipole moment, on the other hand, tends to become oriented in 
the direction of an electric field, and the degree of orientation is de- 
pendent upon the size of the dipole. This orientation polarization is ^ 
temperature-dependent, because thermal agitation distiirbs the arrai^e- 
ment of the molecules, while electron and atom polarization are tempera- 
ture-independent. Hence, the orientation polarization can be separated 
as the temperature-dependent term of the dielectric polarization P: 


P 


€-1 M 
e + 2 d 



The orientation polarization is connected with the turning of molecules 
of considerable inertia and has an appreciable time of relaxation, at 
variance with the negligible time of relaxation of the electron polariza- 
tion. Hence, only the latter responds to alternating fields of hi^ 
frequency, i.e., li^t waves, while waves of radio frequency excite both 
electron and orientation polarization. The orientation polarization can 
therefore also be determined as the difference between the molecular 
polarization obtained from dielectric constants measured with long 
waves and the molecular refractions calculated with the Lorenz-Lorentz 
equation. 

From the orientation polarization of one mole of substance, the 
orientation polarization of the individual molecule and tlm dipole mo- 
ment are calculated. The moments of the common organic molecules 
have values between 0 and 10 X 10~^^ e.s.u. This is in agreement with 
expectation, since the charges involved are of the ordor of magnitude of 
e.s.u., and the distances in molecules of the order of 10"^ cm. 
The debye (P) is defined as the unit of dipole moment, and is equiv- 
alent to 10“^* e.s.u. 

Dipole moments are vector quantities. The (Srection of a moment 
in space is determined by the line which connects the centers of ipravity 

** Hmrww, Me LeFtwe and Vine, J. Cham, doe., 1878 (1988). 
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of the posilive and xtegative chai^, and the total dipole momirait of a 
molecute naay be made up of partial zoom^ts. For example, CH 4 has 
tiie mmneht aero, because the centers of gravity of the nucM and the 
electrons coincide, or, from another vievrpoint, because the four com- 
ponent C — moments are equal and opposite in direction. CHsCl 
has a finite electric moment ( 1 . 86 ), which is the resultant of the C — H 
and O— Cl moments, and the introduction of additional chlorine atoms 
causes a decrease in the moment (CH 2 Cl 2 > 1>69; CHCU'^l.O) untQ zero 
is reached with the symmetrical CCI 4 . I 

In a series of homologous compounds which have a sin^e polar group! 
e.g., the n-alcohols and n-acids, the moments of the members of the\ 
series are approximately constant. Thus, the moments found for the\ 
first ten normal alcohols all lie between 1.6 and 1.7, with the average 
moment 1.67. In the fatty acid series, the first member, formic add, 
has a greater moment than the higher members, but the latter have 
approximately constant values. The moments of acetic, propionic, and 
stearic adds have been found to be identical within the experimental 
error of measurement.*'^ In Table XX are given the moments of some 
typical organic series which contain single polar groups; also included 
are moment values for a few benzene derivatives. The phenols and 
aromatic ethers show the same moments as the corresponding aliphatic 
compounds. 

TABLE XX 

Mohkkto or Obqanic Cohpocmdb 


Gompoimd 

Moment 

Compound 

Moment 

i^-Hydrooarbona 

0.0 X 10-“ 

Mercaptans 

1.8 X 10-^ 

n-Alcohols 

1.67 

SuiOdes 

1.5 

Ethers * 

1.2 

Cyanides 

3.4 

Alky 1 dblorides 

2.0 

NitroparaflQns 

3.1 

Esten 

1.8 

Nitrites 

2.2 

Primary amines 

1.3 

Nitrates 

2.9 

Seoondaiy amines 

1.0 

Benaene 

0.0 

Tertiary amines 

0.76 

Phenol _ 

1.70 

Ketones 

2.7 

Anisole 

1.20 

Fonnic add 

1.2 

Bromobenzene 

1.50 

ii-Acids 

0.8 




€hOup and bond moments have been assigned to various structural 
liidts. The values in Table XXI are those ^voa by Sutton; ** th^ vary 
with the nature the alkyl radicals to whidi the atoms or gror^M are 
atthehed. ' 

• WlboD *ad Wmska, /. Cfhm. Phyt., *, 646 (im). 

<*SkWtofi. PTM. Buy. ank (leiMiim). AISS, 668 (1981). 
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TABLE XXI 


COMPOKSHT FJLcTOBS 70B CALCULATION OF MoiUBNlS (SuTTON) 


Group 



mechytooie 



+0.45 

0.0 

• • • • 

+0.45 

=s=0 

-1.06 

-1.29 

• • • • 

+0.28 

—NH, 

+1,66 

+1.23 

• • • • 

+0.82 

--C1 

-1.66 

-2.16 

-1.66 

+0.59 

— Br 

-1.52 

-2.21 

-1.48 

+0.69 

— CH2a 

-1.82 

-2.03 

-2.00 

+0.21 

—I 

-1.27 

-2.13 

• > • • 

+0.88 

--OH 

-1.7 

-1.83 

• • • • 

+0.16 

— OCHs 

-1.2 

-1.16 

• • • • 

0 

— CHO 

-2.75 

-2.46 

• « • • 

-0.29 

— COCHs 

-2.97 

-2.79 

• • • • 

-0.18 

— 002CHa 

-1.93 

-1.71 

• • • • 

-0.22 

S5=C=0 

-3.04 

-2.76 

• • • # 

-0.28 

— CfeN 

-3.89 

-3.46 

• * » • 

-0.43 

— NO 2 

-3.93 

-3.06 

• • • • 

-0.88 


Ketelaar has given a quantum-mechanical evaluation of this effect. 
Further variations, depending on the radical to which the polar group 
is attached, are shown in Table XXII. The moments increase, in gen- 
eral, as the carbon atom attached to the polar group becomes progres- 
sively substituted, while substitution in the chain on a carbon not 
directly attached to the polar group has little effect on the moment. 

TABLE XXII 


Moments or Aliphatic Bbomidbb and Alcohols 


Compound 

Moment 

Compound 

Moment 

n^Butyl bromide 

1.88 X 10-“ 

n-Amyl alcohol 

1.63 X 10““ 

«ee.-Butyl bromide 

2.12 

aec.-Amyl alcohol-(2) 

1.66 

<er<.-Butyl bromide 

2,21 

«ec.-Amyl alcohol-(3) 

1.64 

ladbutyl Inomide 

1.97 

ter^-Amyl alcohol 

1.83 



Isoamyl alcohol 

1.81 


Sutton divides the dipole moment of a polar compound into tiirte 
components: a primary moment which is characteristic for the substit- 
uent; the moment induced electrostatically on the rest of the molecule; 
and the moment due to the electromeric shift of electrons. The eleotro- 
mmc effect, ^0 Table XXI, indicates the orienting nature cf the 
group; i«e«« a poritive electromeric shift of electrons into the radical 

~means an ortho^ra directing group, while a negative s i gnifie s a 

V la 811 (1939^ 
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meta directing group. The magnitude of is a relative measure of the 
orienting strength of the group. 

A special instance of the inductive effect is the mutual interaction of 
strongly polar atoms and groups which is illustrated below by o-dichloro- 
bmzene. 

The addition of the vector dipoles /xi and m 2 of groups in the oHho^ 
meta, or para positions in benzene is graphically represented in Fig. 7. 
The moments fhm fip are the resultant molecular moments whei^ 



ertho 


meta 


para 


Fiq. 7. — ^Representation of dipole forces in disubstituted benzene derivatives. 


the groups of moment m and /xz are in the ortho, meta, and para posi- 
tions, respectivdiy. 

Group moments are vectorially added by use of the equation 
P ■” Vmi* + Wi* + /h cos 

where m and /<2 are the moments of the groups anid $ is the an^e of 
s^aration of tiie dipoles having these moments. Similar drcumstances 
previul in the aliphatic series, where in general the tetrahedral angle for 
caibcm is confirmed by the measurements and the rotation of angular 
groups about angle bonds must be taken into account.'* In benzene 
derivatives, 0 becomes 60“ for the ortho, 120“ for the meta, and 180“ for 
the para configuration. If m and ms are identical, the resultant mo- 
ments of ortho, meta, and para configurations become py/3, p, and 0, 
rd^pef^vriy. 

. observed moment of the ortho compound is coiunderably smaller 
thitn that calculated, largely because of a mutual polarization oi the 
^ WSHhuni, Z» phtfHk. Chem^ A18Z, 7d (1828). 



CONSTITUTION AND PHYSICAL PROFERTIEB 


1767 


TABLE XXin 

Cl 

6 " 


2.25 
2.67 

2.33 (with 
Smallwood and 
Herzfeld 
correction) 

component moments; this becomes evident in the better agreement with 
experiment of the calculated value, which, according to Smallwood and 
Herzfeld,^* takes this induction into consideration. A spreading of the 
angle between C — Cl bonds because of steric repulsion of the chlorines 
might be responsible for the residual difference. With methylene chlo- 
ride, which also has a dipole moment smaller than that calculated by 
the addition of the two C — Cl vectors, the spreading of the Cl — C — Cl 
angle makes a larger contribution to the difference between the observed 
values and those calculated with the component factors for aliphatic 
chlorine and the tetrahedral angle. The spreading is confirmed in this 
case by measurements of electron diffraction. 

If the substituents are not axially symmetrical, the order of the 
moments may be reversed: 

TABLE XXIV 



This is due to the fact that in the para compound the angular — OCHs 
groups do not interfere with each other — ^free rotation, random distri- 
bution — ^whereas in the ortho compound they interact in a way whidi 
diminishes the moment. 

Many general observations have been made. Wolf and Gross 
have shown that the same type of alternation esdsts in the moments of 
adjacent members of homologous series as is shown in melting points, 

•• SmaUwood and Herzfeld. J. Am. Chem. Sac., SI. 1919 (1930). 

Weisaberger and Sftngewald, Physik. 3»., 80, 792 (1929). 

^ Wolf ^d Qroaa, Z. Chem., Bid. 305 (1931). 


Cl a 



/i Observed 1.65 0.00 1.48 

/A Calculated — 0.00 1.65 
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specific heat, etc. Smyth aad Walls ” have interpreted some of tiieir 
data to mean that long-chain molecules are fairly rigid in structure. 
These investigators have demonstrated that normal and iao aliphatic 
compoimds ecmtaining a polar group show the same moments if the 
branching occurs at least two atoms from the polar group. It has been 
formd ” that, if a carbon chain contains unsaturated conjr^ted link- 
ages, the dipole effect of a polar group attached to the chain is trans- 
mitted along the chain. The connection between (fipole moment and 
intermolecular forces and the properties determined by them has tjeen 
studied by van ArkeL* 

The use of dipole-moment data in attacking problems of structibal 
organic chemistry has been fruitful in a number of cases. From me 
molecular mommts and the knowledge of individual group mbmen^, 
taking into account the interaction between the substituent and the 
other groups, it has been possible to calculate witii great accuracy the 
valence angles of some atoms like oxygen and sulfur.^* As mentioned 
before, it is due to these angles that certain paro-disubstituted benzene 
derivatives, such as the diethyl ether of hydroquinone and the dimethyl 
ester of terephthalic add, have finite dipole moments.''^ The structures 
of a numba: of da-trana isomers have been definitely established because 
of the fact that da forms have appredable moments, while the corre- 
sponding Irana forms show much smaller or zero moments. The fact 
that tetranitromethane has zero moment proves that all four nitro 
groups are identical and are located at the comers of a tetrahedron. 
Dipde-moment measurements of a number of tetransubstituted meth- 
anes show that in none is it necessary to assume a pyramidal structure 
for sudi molecules, as has sometimes been postulated. An investigation 
of the mono- and dichloronaphthalenes proved that the naphthalene 
^3rstem is planar, that the C — Cl bonds are directed from the center of the 
ring, and that moments can be calculated in good agreement with the 
observed ones if the polarization of the system, a small electromeric 
effect, and the Smallwood-Herzfeld effect are considered.” 

Tim problem of restriction of rotation aboutJbhe C — C sin^ bond 
has beea treated. If free rotation exists, the moments of dr, Ir, and meath 
forms should be identical; if free rotation does not exist, the moment of 
the d- aad 1-foim might be different from that of tiie meso-fonn. The 
d^db moment of diethyl d-tartrate is 3.12 X 10~^* e.8.u., while the 

tXSsWih nd Walk, /. Am. Chem. Boc., BS, B27 (ISSl) ; S4, 2261 (1032). 

.. . .^Fanrnr and Wamn. J, Chem. Soe., 1802 (1033). 

” (a) Olaaatone, “Beeeat Mvanoea ia Fbyiioal 2iid ed., B l aHa t a a’a Son 

and Co., Phfladalphia (1083), p. 133; (b) Coop and Sutton, J. Chem, Soe„ 1880 (1Q38). 

» XMve, 'T<dar Mokeulaa,’’ Oiamioal Catalos Ck., Ma«r Yoik (tm^^ 

Ttftoiniwoa and Weiaabarsart <^<1 Sto.* 3^ (lost!)- 
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moment of diet];iyl meso-tartrate is higher, 3.66 X 10~^^ ej3.u.” It ap- 
pears strange that ihe dectiie moment of the meso-iorm, which, by its 
lack of optical activity, is revealed to be the more 83rmmetrioal form, is 
hi^er than that of the active form. However, in ^e tartrates, this Is 
caused by the presence of angular groups, for reasons amilar to those 
given in coimection with the moments of the dimethoxybenzenes. 

If only axialiy symmetrical groups are present, as in the stilbene 
dichlorides, the more symmetrical meso-fotm has ^e lowar (1.3) and 
the dMorm the higher (2.71) moment.™ 

The moments of the paro-substituted diphenyls confirm the stretched 
formula of this compound, because they are identical with the momoits 
of the corresponding benzene derivatives. The size of the momait of 
o,o'-dichlorodiphenyl indicates that in this compound the random distri- 
bution (free rotation) about the diphenyl lioV is interfered with, not 
only by the inner molecular electrostatic forces and by the steiic inter- 
ference of the chlorines, but also to a considerable extent by the mutual 
attraction of the chlorine atoms through London forces.™ 

The oontrove^ as to the structures of the isomeric oximes betweor 
the oii^nal Hantzsch-Wemer theory and that of Meis^ahdmer was 
finally settled in favor of the latter, by the measurement of the moments 
of the oxime ethers.™ 

More recently, the investigation of resonance by dipole measure- 
ments has been successfully pursued.™ p-Nitroaniline has an abnor- 
mally high dipole moment, 6.2 D, exceeding by about 0.7 D the sum of 
those of aniline, 1.82, and nitrobenzene, 3.95. This has been interpreted 
as being due to resonance between the forms, 



second formula lie in the plane of the ring. If it were posable to d^ect 
one or both of these groups out of that plane, the resonance, and there- 
fore the dilxjle moment, should be diminished. Tha« is evidence that 
in durene (tymmetrical tetramethylbenzene) the methyl gproups diouhi 
have this effect on an NHs or NO^ group placed between than, for m 
durene itself it has been rhown, by x-ray analyds of the crystal, that the 

^ W<df, 3Va»a. Paro&w Boe^ M. SUi (1830). 

™ Wwadmaw and Slasnrald, Z. phiitik. Chem., BS, 138 iVtSG ) i WtiWbaraer, S.Otg 
Clam., 1.345 (1087). 

™ SidRwiok. Chtm. fiM.. IS, 188 (1880). 
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repuMon of the methyl groups is sufficient to deflect them some 3** 
from thdr normal positions. It mi^t be expected, therefore, that the 
moment of p-aminonikodurene is less than that of p-nitroaniline, that 
this decrease becomes still greater by alkylation of the amino group in 
the durene derivative, and that a mmilar difference of moment exists 
between p-nitrophenol and p-nitrodurenol, and with the amino and the 
nitro compounds generally.™ This question has been investigated by 
Hampson, Birtles, and Ingham,™ who found that all these predictions 
of the resonance theory are confirmed by the observed dipole mommts. 

Compounds or substances may or may not have permanent magpie 
moments, just as compounds may or may not have permanent electric 
moments. The magnetic moment is calculated from measurementslof 
the molecular magnetic susceptibility as dipole moments are calculamd 
from molecular orientation polarization. Substances without a perma- 
nent magnetic moment are pushed out of a magnetic field, diamagnetism; 
substances with a permanent magnetic moment are drawn into the 
magnetic field, paramagnetism. The intensity of the force with which 
this takes place, usually measured by means of a balance, is called the 
intenaty of magnetization, 1, and the molecular magnetic susceptibility 
is defined by 

_IM 

Xnote dH. 

where H is the strength of the magnetic field and d and M are the 
denaty and the molecular weight of the compound measured. 

The magnetic susceptibility is positive for paramagnetic substances 
and negative for diamagnetic substances. The absence of permanent 
magnetic moments in most organic compounds is due to the fact that all 
their electrons are paired in systems with antiparallel spins, while a 
permanent magnetic moment, paramagnetism, is due to odd electrons 
and is therefore characteristic of free radicals. Paramagnetism is tem- 
perature-dependent, because the orientation of the molecules with per- 
manent magnetic m<anents in a magnetic field spd their attraction into 
the Add are disturbed by the temperature agitation of the molecules. 
The interpretation of the observed values is greatly assisted by the fact 
that each odd electron in a molecule contributes a certain amount to 
the total moment, which was calculated by Bohr. Diamagnetism, i.e., 
nepitive magnetic susceptibility, is due to the induction of inner- 
Butieeular moments by the outer field. These induced moments are not 
aflf»:ted by the temperature agitation of the molecules, and diamagne- 
tism Is therdore temperature-independent. 

™BirUM and Hampaon, J. Chem. 8oc., 10 (1037) ; Ingham and Hampson, /. Ctem. 
dtaSnOei (1930). 
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The molecular diamagnetic susceptibility, which has been extensive^ 
investigated by Pascal,^ shows phenomena very similar to the molecular 
refraction. It is an ad(titive property with constitutive increments. 
Whereas the magnetic susceptibilities of the atoms are negative, the 
increment for the C=»C double bond is potitive. The suggestion that 
this is indicative of a radical nature of double bonds has been disproved, 
because the paramagnetic increment of di- and polyenes is temperature- 
independent.*^ The paramagnetism of free radicals was discovered by 
Taylor and Lewis.** Its quantitative evaluation gives a criterion for 
the amount of free radical present.** The method has been used in a 
series of interesting investigations by Marvel and his collaborators,** 
by MQller,** and by other authors. 

Of the many problems treated, it may only be mentioned that com- 


C,H*v /= .C,Hj 

poimds of the type are diamagnetic and, 

CioH/ \=/ \CxoH7 

therefore, quinono id, a s re prese nted by the formula. However, the 
meta derivative, L y — i. y, which caimot exist in a quinonoid 

yj V_<^ 
c 


(C,H5), (C.H*)* 

form, is paramagnetic and, hence, a true biradical. The radical nature 
of semiquinones has been proved by determinations of tiie paramagne- 
tism of these comppunds.*^ With the metal ketyls, an investigation 
of their magnetic susceptibility showed that some of them exist as free 


radicals. 



others as the dimeric pinacolates. 



others again as mixtures of the two.** 


See review by Auwers, Jahrb, Badioakt. BUetronik, IT, 184 (1S21). 

** MtkUer and Dammerau, Ber., TO, 2801 (1937). • 

** Taylor and Lewie, Proe. Natl. Aeod. Sti. U. S., il, 466 (1926). 

•* Mailer and oo-worlnre, Ann., 610, 236 (1936); 811, 89 (1936); Hoy and MamI, 
J. Am. Chem. 8oe., 09, 2622 (1937). 

** (a) Marvel, Ginsberg, and MueUer, J. Am. Chem. See,, 61, 77 (1939) ; (b) Marvel, 
MueUer, and Ginsberg, Hrid., 61, 2008 (1939) ; (e) Marvel, Bieger, and MueUer, HM., 61, 
2760 (1989) ; (d) Marvel, MueBw, Himel, and Kaplan, ibid., 61, 2771 (1989). 

•* Mailer, Z. ElektroOem., 40, 693 (1939). 

** Mieha^s, Boeker, and Reker, /. Am. Chem. 8oe.t 60, 202 (1988). 
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1HB SntlTCTITKBS OF ORGAldC COMPOUICD8 AS DSTBSMINm) 
mOM Z-RAT DDSRACTION MEASOREUBNTS 

The study of the arrangement of atoms in crystals of inorganic com- 
pounds has l^n successfully attacked by the use of x-rays. By stud 3 ring 
the diffraction of x-rays from crystalline surfaces, it has been posable 
to calculate the distances between the planes of atoms in the crystals, 
just as it is possible to calculate the distance between rulings of a grating 
from light-diffraction measurements. The success of the x-ray diff^o- 
lion method for determining the structure of a oystal depends on Vhe 
degree of symmetry of its internal structure; in general, the more syta- 
metrically arranged structural units are the more easily analyzed. \ 

The applicability of the x-ray diffraction method for determining the 
molecular configurations of organic compounds has been somewhat 
limited because most organic substances are quite complex from a struc- 
tural viewpoint and consequently do not exhibit hi^ degrees of sym- 
metry. Nevertheless, a great deal of valuable information has been 
obtained about the structures of very fundamental tsqres of compounds. 
It must be pointed out that the investigator of the molecular structures 
of organic compounds has had considerable help in his work from the 
classical pictures of such compounds as postulated for many years by 
organic chemists; he has had certain clues as to the direction he should 
take in the analysis of his data. 

The results which have been obtained from the study of the struc- 
tures of organic compounds by x-ray analysis have been sununarized 
in a number of publications.” 

The structures of a number of halogenated aliphatic hydrocarbons 
have been determined with some degree of certainty. Iodoform, 
1,2,3,4,6,6-hexabromo- and 1,2,3,4,6,6-hexachlorocyclohexane, hexabro- 
moeihane, m- and trons-didiloroethylene, and 1,1- and 1,2-dichloro- 
ethane have thus bem investigated. It was found that in all of them 
the structures which fit the data best i^w carbon to have valence angles 
corresponding to tetrahedral angles. The cyclohexane derivatives have 
sixuctures which place the carbon atoms on a puckered ring, The dis- 
&nce between chlorine atoms in cis^lichloroetiiylene is 3wfi A as com- 
pared to 4.1 A for tranfrdichloroethylene. 

In the diamond crystal each carbon atom is sumnmded ly four 
otliera at a distance of 1.54 .^ placed at the comers of a tetrahedron. 
In graphite.^the carbon atoms in one plane form a series of interloddng 
tNOcagoais, the distance from carbon to carbon bmng 1.42 A. 

, ” HUuMoIh, CAem. Sev., f, 43t ,.(198(9 ; Brass and Brass, "The CijratatHaa Stat*,” 
FtlL. I, BaD (i«3«) ; Bamal and Cro«irfoot, Aim. S*pt. Chem. See. (fAmdm), p. 379 (1983) 
Rcbartion. CKtm. Set.. 19, 417 (1985). 
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It is interestintg that the structure of beJEsmetlurtou^tetacam^ has 
be^ accurate dbtemmied and is idmtical mdth one aec^ted by <»ganio 
chemists. 

A number of aliphatic compounds has been investigated, a fev in 
detail. Of the 7»-hydrocarb(His, nonacosane, C 2 eHeo> has be^ carefully 
analysed. It waB found that the carbon duiin is continuous and does 
not fold back on itself. The carbon atoms lie in a plane and have the 
zigzag structure demanded by the tetrahedral carbon atom. In the 
zigzag structure the distance between alternate carbon atoms was found 
to be 2.54 A, and the C — C distance is very near 1.64 A, which was 
found for diamond. Other hydrocarbons show an increase (k 2.54 A for 
every two C3H2 groups added to the molecule. 

The gross structures of the n^aliphatic acids, ^ the n>aliphatie also* 
hols,** and the n-aliphatic dicarboxylic adds have been investigated. 
In all these series, the carbon atoms lie in a plane and have a zigzag 
arrangement. In both the acid and alcohol series, it was found that 
the addition of each successive CH 2 group caused an increase in the 
unit structure twice as great as that observed for the ?tr*hydrocarbons. 
This is shown in Fig. 8, which is taken from tabulated data.*^ The 



Fro. 8. — ^Begolar increase in chain length of aliphatic h ora o logs. 

From Ewald and Hannann, loc. cU. (Courteay of pubiSahen.) 

facts just cited argue that there are two molecules per unit stmeture for 
the afoohols and adds. In the fatty add series, the unit epadmgB. for tire 
even carbmi compmmds are nearly equal to the spadr^ss d tim next 
higher odd carbon oonpMmds. The addition of two dSa gro^ to an 

• FrawA^ Fhper, and Malian, Pree. Aey* Soe. AXMt.SM (19801. 

w Wilson and Ott, d . Chew* Phye»* 9, 9S1 (193d}. 

**Bwald and Haiuiann. "StaAZniWfehA lOUMKA.” AMU YWasi, Xnipaia tl8dl> 
9 . 884 .' 
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even member of the dicarboxylic acid series causes an increase in unit 
^Htdng equal to that for the hydrocarbons; the addition of CH 2 groups 
to an odd member produces a change twice as great as that for the 
hydrocarbons. 

Miiller " has discussed the effect of the zigzag structure of the hydro- 
carbon chain upon the properties of the even and odd members of the 
dicarbojgrlic acid series. He has concluded that the alternating prop- 
erties of this series can be explained by their structures; owing to 
arrangement of the zigzag chain for the hydrocarbons, n-alcohols, 
7i-acids, the sjrmmetry properties of the odd and even members of 
series are different. 

The structures of a number of aromatic compounds have been 
tmnined by an elegant method using a two- or three-dimensional 
Fourier series. This method of attack often leads to precise allocations 
of the atoms in crystals and to the electron density distributions within 
the molecules. Some of the results of this method have been summarized 
by Robertson,*’ who has contributed largely to this work. 

The analysis of x-ray diffraction data for anthracene, naphthalene, 
and 82 ^.-tetramethylbenzene has led to unambiguous structures for 
these compounds. Naphthalene and anthracene are composed of plane, 
regular hexagons in which the carbon-carbon distance is 1.41 A. This 
figure is that observed for the C — C distance in graphite. In sym.- 
tetramethylbenzene the carbons in the ring form a regular, plane hexar 
gon with a C — C distance of 1.41 A; the methyl carbon atom is 1.47 A 
removed from its adjacent ring carbon atom. The methyl groups lie in 
the plane of the ring and are slightly displaced from the positions de- 
manded by the hexagonal ring, the displacement being 3° greater than 
that for a symmetrical structure. 

The structure of benzoquinone is that proposed originally by organic 
chemists, ^cept that the ring is slightly skew. An interesting point in 
connection with the benzoquinone structure is that the carbons joined 
by a double bond are 1.32 A apart, while the singly bonded carbons 
are removed 1.50 A from each other. The carbon-oxygen distance is 
1.14 A. 

Hie results of the analysis of the structure of bibenzyl show that the 
two benzene rings are of the regular plane hexagon type; they do not lie 
in (me plane but are parallel to eacdi other and are on opporite sides of 
tim two CHa groups. The carbon atoms in the CHg groups eidiibit 
tetratodral bond angles. The CH3 groups are rituated at 1.47 A from 

behzmie rings and are removed from each other by 1.58 A. 

*■ MUlw, JVoe< Sov. Bob. {f^onOon), AIM, 817 (1829). 

**SMMrtnD. Prognm, 81 . 24ft (1837). 
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The structure of stilbene is different from that of bibenzyl, althou^ 
the over-all dimenstoqs of the two molecules are rather similar. The 
stilbene molecule is flat, with all the atoms lying in the same plane. 
Since the benzene rings are joined to the ethylene group by a sin^ bond, 
they might be expected to rotate freely and to take a configuration like 
that of bibenzyl. Their failure to do so is interpreted as teing due to 
resonance, the conjugation between the rings and the central 0=0 
linkage freezing the structure into a planar configuration. Further 
evidence for resonance is found in the fact that the distance from the 
CH group to the phenyl group is 1.45 A instead of 1.54 A, indicating 
that there is considerable double-bond character to this linkage. 

Robertson and Woodward** have determined the structure of di- 
phenylacetylene, which has a triple bond. The molecule is both planar 
and linear, with the CfeC distance equal to 1.19 A and the C — C 
“single” bonds between the central carbons and the rings being 1.40 A. 
The value for the CfeC distance agrees very well with that in acetylene, 
1.20 A, determined from the analsrsis of band spectra. 

The structure of oxalic acid has been accurately determined; the 
molecule is planar. The explanation for this is similar to that pven 
for stilbene in that rotation about the C — C bond is restricted because 
of conjugation between the carboxyl groups. The existence of resonance 
is confirmed by the length of the C — C bond, which is only 1.43 A. 

The benzene ring in resorcinol is planar, and the OH groups are dis- 
tant 1.36 A from the carbon atoms. The arrangement of the resordnol 
molecules in the crystal id interesting. The oxygen atoms are directed 
toward each other in* groups of four and are separated by 2.7 A; tins 
arrangement is stabilized by the formation of hydrogen bonds. A similar 
arrangement of molecules in which the oxygen atoms are grouped 2.69 A 
distant from each other has been found in pentaerytiuitol. 

One of the best examples of the utility of the x-ray metixod of deter- 
mining structure is found in the analyses of phthalocyanine and its 
nickd salts." 

Figure 6 is a gnq>hical description of the unsubstituted phthalo- 
cyanine molecule, llie distances between the central nitrogen atoms 
9 — 13' and 9' — 13 is 2.65 A; this shortening, as compared with the N— N 
distance of 2.76 A between atoms 9' — 13' and 9 — 13, is due.to N — fl — 
bond formation. When the central hydngens are replaced by M to 
form tire nickel salt, the distances between the central nitrogens are 
2.56 A and 2.60 A, respectively. All the nitrogen and carbon atoms, 
and probably the hydrogens, lie in one plane. In the central axteen- 

•* lUdbertaoa and Woodward, Free, Roy. Soe. (London), A164, 438 (1883)< 

** BiAertaon, /. CKam. Soe., 1 W (1986) ; Robertaon and Woodward, iMdi, 219<18S7} 
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membered ring of alternate carbon and nitrogen atoms, the interatomic 
distance has a practically constant value of about 1.34 A, and the 
structure is one of single bond-double bond resonance similar to that 
found in the benzene rings. Robertson attributes the remarkable stabil- 
ity of the molecule to this inner structure and resonance. 



Fig. 9. — Projection along the &-axis, showing one complete phthalocyanine molecule. 
The plane of the molecule is steeply inclined to the plane of the projection, the M 
direction making an angle of 46° with the 6-axis, and the L direction 2.3°. Fjach 
contour line represents a density increment of one electron per A^, the one-electron 
line being dotted. 

(Reprinted by permission of the CThemical Society.) 

Robertson has determined the structures of the cis- and fmns-azo- 
benzenes. The molecule of imns-azobenzene is planar, the N=N dis- 
tance being 1.23 A and the N — C distances 1.41 A; the second value is 
appreciably less than the expected 1.47 A and indicates that resonance 
plays an important part in determining the structure and stability of 
this form of the compound. The structure of m-azobenzene is not ob- 
tained by rotating the N— N bond through 180®; this rotation places 
the two nuclei 1.3 A from each other anci is not probable from steric 
considerations. In the most probable configuration, the benzene rings 
are rotated 40° so that they are separated by 3.1 A; the N— N distance 
is 1.23 A and the C — N distance 1.45 A; the N — N — C angle is slightly 


^ Robertson, 232 (1939). 
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greater than the value 121® observed in the irana-ioTm. Resonance 
appears to contribute little to the stability of this form of the molecule. 

The structures of a number of other aromatic compounds have been 
less accurately determined. All these structures are consistent with 
those found for the more carefully investigated compounds. 

In Table XXV are collected some of the interatomic distances de- 
termined from x-ray diffraction data. 


TABLE XXV 

Interatomic Distances in Some Organic Compounds 



Distance 


Distance 


Compound 

in 

k 

Compound 

in A 


Diamond 

C~C 

1.54 

Hexamethylbenzeno 

C — C aromatic 1.42 

Graphite 

o-c 

1.42 


C—CHa 

1,48 

1,2, 3,4,6, 6-Hexabromo- 






cyclohexane 

C~Br 

1.94 

Nonacosane 

C— C 

1.54 

Hexobromoethane 

C— Br 

1.97 

Hydrocarbons 

c — c 

1.64 

1,2, 3,4,6, 6-Hexachloro- 






cyclohexane 

C— Cl 

1.81 

Anthracene 

c—c 

1.41 

Hexachloroethane 

C— Cl 

1.81 

Naphthalene 

c—c 

1.41 

Urea 

C— N 

1.37 

Tetramethylbenzene C — C aromatic 

1.41 


c=o 

1.25 


C— CHa 

1.47 

Thiourea 

C— N 

1,35 

Bibenzyl 

C — C aromatic 

1.41 


c=-s 

1.64 


C — C aliphatic 1.68 

Hexamethylenetetra- 




C — CI'L aromatic- 

mine 

C—N 

1.42 


aliphatic 

1.47 




Benzoquinone 

C — C in ring 

1.60 





C==C in ring 

1.32 





0=0 

1.14 


p-Diphenylbenzene C — C aromatic 1.42 
C — C between 
rings 1.48 

The study of x-ray diffraction data has proved very valuable in 
elucidating the gross structures of certain high-molecular-weight com- 
pounds.®’' Such data have helped establish the generally accepted struc- 
ture of cellulose. In cellulose (p. 1709), it was found that bundles of 
very long, parallel chain molecules constitute the fibers of ramie, cotton, 
etc. The chains are composed of unit structures, presumably cellobiose 
units, which are linked together through oxygen atoms. The length of 
two unite is 10.3 A, and the distance between two paraUel chains is 
8.3 A in one direction and 7.9 A in the other, 

Rand^iil, *'The Diffraction of X-rays and Electrons by Amorphous Solids, Liquids, 
and Gases/’ John Wiley A Sons. New York (1934), p. 200. 
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Sisson®* has considered the data obtained from the diffraction of 
x-rays by cellulose membranes and has discussed their structure from 
the micellar and continuous theories. He concluded that there was no 
necessity to assume a unit smaller than that of a cellulose particle as 
found in living plants. Mark ®® concluded from the latest available 
data that cellulose is made up of cellobiose units, which comprise two 
sets of chains running in opposite directions. The unit cell has the 
dimensions S.sA by 10.3 A by 7.9 A. 

The structures of certain synthetic linear polymers have been inve^sti- 
gated.^®® These compounds appear to have the normal structures of high 
molecular substances. Whereas, for simple compounds, the arrangement 
of the end groups determines the crystal form to a considerable extent, 
for the long-chain substances, these end groups arc less important; the 
simple lattice becomes one in which the ends of the molecules occur at no 
regular position in the structure. The recent views of such structures 
picture the molecules as parallel chains of different lengths, with ^nds 
overlapping, which in certain regions fit into a lattice-like arrangement. 
These portions of the structure are termed crystalline regions; in adja- 
cent volumes the chains are in imperfect arrangement and behave as 
amorphous materials. The polymethyleno and polyethylene oxides crys- 
tallize with the chains parallel. In the linear polyesters, the ethylene 
and decamethylene compounds have the planar, zigzag structure, the 
chain length of which increases uniformly 1.26 A for each CH 2 group) 
added. The linear polysulfides and vinyl derivatives show similar 
structures. 

The structure of rubber has been the object of much experimental 
work. The results have been conveniently sununarizod by Gehman.^®^ 
Stretched and unstretched rubber show different diffraction patterns. 
Unstretched, raw rubber gives an amorphous pattern like that of a 
liquid until the substance is frozen, when the pattern becomes crystal- 
line. The change between the two states is continuous. The pattern 
of frozen rubber is like that of a crystalline organic compound dispersed 
in minute crystals in random arrangement. On stretching, the diffrac- 
tion pattern of rubber changes to the crystalline type, with a definite 
axis of rotation along the axis of stretch. This pattern appears to be 
superimposed upon an amorphous pattern, and as stretching proceeds 
the crystalline diffraction increases in intensity. The lattice spacings 
for stretched rubber are the same as those found for frozen rubber. 
The interpretations of the x-ray data for rubber are not definitely 

•8 Sisson, Chem. Rev., 26, 187 (1940). 

w Mark, ibid., 26, 169 (1940). 

Fuller, ibid., 26. 143 (1940). 

Gehman, ibid., 26. 203 (1940). 
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settled. The chain molecules in crystallites of stretched rubber are not 
planar. Current theories postulate a statistical lengthening of the 
molecules during the stretching of rubber, this lengthening being accom- 
panied by a straightening of the chains. The gross structure can be 
described by the theory of regions of crystallites and of amorphous 
volumes. The stereochemically possible structures picture rubber as 
the czs-butadiene derivative and gutta-percha as the trans-form. 

Collagen and gelatin have been investigated by a number of workers, 
and Astbury has given the most recently proposed structures. These 
structures are consistent with the chemical data on the degradation 
products of the proteins and are compatible with their physical prop- 
erties. In collagen, the long individual molecular (ihains are held to- 
gether in the form of a grid by cross linkages of one sort or other between 
the side chains. The average distance between chains varies with the 
humidity, but is 10.4 A for thoroughly dried collagen. The distance 
between adjacent grids is approximately 4.4 A. The chains, modified 
slightly by hydrolysis during the transition from collagen to gelatin, 
are made up of amino-acid residues, the average length of which along 
the molecular axis is 2.9 A. The best evidence indicates that the aver- 
age chain is 838 A long or a multiple thereof, and is made up of 288 
amino-acid units. The average molecular weight is about 27,000 or 
some multiple of this. To account for the short average amino-acid 
length along the direction of the chain, it is necessary to assume a 
zigzag structure. 

The final choice as to the arrangement of the amino-acid residues 
along the chain of the gelatin molecule is governed by their frequency of 
occurrence in the decomposition products. The high percentages of 
proline plus hydroxyproline and of glycine residues lead to the arrange- 
ment 

1 

where P stands for either proline or hydroxyproline, G for glycine, and 
R for one of the other amino-acid residues. This grouping repeats itself 
until the average molecular weight is 27,000 or a multiple thereof. 

ELECTRON DIFFRACTION BY ORGANIC COMPOUNDS 

Moving electrons exhibit properties characteristic of wave motion, 
and the reflection or diffraction of electrons by solids, liquids, and gases 
obeys certain laws which apply to the action of light or x-rays. Advan- 
tage has been taken of this fact in determining molecular structures by 
a method similar to that used in x-ray diffraction experiments. There is 

Astbury, J. Intern. Soe. Leather Tradea* Chem., 24 , 69 (1940). 
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a fundamental distinction between the action of x-rays and electrons; 
whereas x-rays interact with the electron cloud which surrounds the 
nuclei, the electrons interact with the nuclei themselves. 

The electron diffraction method of determining the structures of 
substances in the gaseous state has several advantages over the x-ray 
method. Where measurements are made on gases, complications due to 
the symmetry properties of intermolecular orientation are lacking and 
the data are generally more unambiguously interpreted. Such data are 
more readily obtained by electron diffraction than by x-ray diffraction 
measurements. Furthermore, the electron diffraction method is capable 
of showing the locations of hydrogen atoms which cannot be placed by 
x-ray data ; this is of great importance to the organic chemist. 

Most of the structures of organic compounds derived from electron 
diffraction experiments have been determined in the gaseous state. 

The determination of molecular structures by electron diffraction 
measurements was first announced by Wierl.^®^ Since this work, many 
refinements of methods and interpretation of data have been made and 
a large number of organic compounds have been studied. The results 
of these investigations have been summarized by Maxwell.^®* 

Definite evidence for the planar structure of benzene and the puck- 
ered ring structure of cyclohexane has been obtained from electron 
diffraction data. The structures of a few compounds have been de- 
termined by both x-ray and electron diffraction methods, and the agree- 
ment between the results obtained by the two methods is satisfactory. 
This is shown in Table XXVI, 


TABLE XXVI 

Distances between Iodine Atoms Determined by X-Ray and Electron 
Diffraction Measurements 


Substance 

Iodine 

1 ,4-Diiodobenzene 
1 ,3-Diiodobenzene 


Electron Diffraction 
by Vapor 
2.64A 
6.85A 
6.97 A 


X-Ray Diffraction 
by Crystal 
2.70A 
6.85A 
5.92A 


A few of the results of electron diffraction studies of organic com- 
pounds are given in Table XXVII, taken from Maxwell. 

An interesting result of electron diffraction measurements on the 
vapor of formic acid has been obtained by Pauling and Brockway.*®® 

10* Wierl. Ann. Physik.. 8, 521 (1931) ; IS, 463 (1932). 

Maxwell, J. Optical Soc. Am.. 80, 374 (1940). 

Pauling and Brockway, Proc. Natl. Acad. Sci. U. 8., 80, 336 (1934). 
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TABLE XXVII 

Distances between Atoms Determined by Electron 
Diffraction Measurements 



Interatomic Distance 


Substance 

in A 

Remarks 


Ethane 

C-C 

C-H 

Ethylene 

C=C 

Acetylene 

C^ 

Diacetylene 

C-C 

(fee 

Propane 

C-C 

Cyclopcntanc 

C-C 

<rans-Dichloroethylene 

Cl-Cl 

cts-Dichloroethylene 

Cl-Cl 

Methyl bromide 

C-Br 

Methyl iodide 

C-I 

Methylene iodide 

C-I 

I-I 

Carbonyl sulfide 

C=S 

C-O 

Bromoform 

Br— Br 

Phosgene 

C=0 

C-Cl 

Acetyl chloride 

C-O 

C-C 

C-Cl 

Methyl azide 

’N^N 

N=N 

C-N 

Carbon dioxide 

C=0 

Carbon disulfide 

c=s 

Carbon tetrachloride 

C-CI 

Benzene 

C— C 
C-H 

Cyclohexane 

C-C 

C-II 

Hexachlorobenzene 

C-C 

C-Cl 

Cl-Cl 

(ortho) 


1.55 

1.09 

1.34 

Plane structure; G— H 

1.22 

1.36 

angle 110® 

TiinftRr 

1.19 

1.54 

Tetrahedral angle 

1.52 

Plane pentagon 

4.27 
3.22 
1.91 

2.28 
2.28 

I-C-I angle 125® 

4.06 

1.56 

linear structure 

1.16 

3.15 

Br— C5 — Br angle 111® 

1.28 

Cl-C-Cl angle 117® 

1.68 

1.14 

C-C-Cl angle 110® 

1.54 

1.82 

1.24 

C— N— N angle 120® 

1.10 

— N===N^N linear 

1.47 

1.13 

Linear structure 

1.54 

Linear structure 

1.76 

Tetrahedral structure 

1.39 

Plane hexagonal struct 

1.08 

1.53 

C— C— C angle 109® 

1.09 

1.41 

Plane structure 

1.70 

3.11 
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Their data show that formic acid dimerizes through hydrogen bonds to 
give the symmetrical structure 


0-^H— O 

/ \ 

HC CH 

\ / 

O— H<-0 


in which the distance between oxygen atoms in the O — O system is 
2.67 A and the C — O distance 1.29 A. The O — C — O angle is 125°. 
The structure of monomeric formaldehyde has been determined by 
Stevenson, LuValle, and Schomaker,^®® who found the C — O distance 
to be 1.21 A and a C — H distance 1.09 A. \ 

It has been found that the distances between atoms joined l^y co- 
valent bonds can be obtained with reasonable accuracy by addir^ the 
empirically determined radii of the atoms.^®^ 

Pauling and Huggins have prepared a set of atomic radii to be 
used in calculating covalent bond distances. A few of their values arc 
given in Table XXVIII. By the addition of the atomic radius values, 
the interatomic distances in a number of compounds have been calcu- 
lated and found to agree with observed values. 

TABLE XXVIII 

Atomic Radii for Calculating Covalent Bond Distances 


Single Bonds 

Double Bonds 

H 

0.29 A 

C 

0.67 A 

C 

0.77 

N 

0.63 

N 

0.70 

0 

0.59 

O 

0.66 

s 

0.94 

F 

0.64 



Cl 

0.99 



Br 

1.14 



I 

1.33 

Triple Bonds 

Si 

1.17 

C 

0.61 1 

P 

1.10 

N 

0.56 

s 

1.04 



Ge 

1.22 



As 

1.21 



Se 

1.17 



Sn 

1.40 



Sb 

1.41 



Te 

1.37 




iM Stevenson, LuValle, and Schomaker, J. Am. Chem. 5oc., 61, 2608 (1930). 
Huggins, Phya. Rev., 28, 1086 (1926). 

Pauling and Huggins, Z. Kriat., 87, 205 (1934). 



CONSTITUTION AND PHYSICAL PROPERTIES 1773 

An example of this agreement is shown in a study by Brockway and 
Jenkins of the structures of some metallic and non-metallic alkyl de- 
rivatives as dcitermined by electron diffraction experiments. In Table 
XXIX are presented the results of their determinations together with 
the values calculated assuming additivity of atomic radii. 

TABLE XXIX 

Bond Distances and Radius Sums in Methyl Compounds 
Experimental Radius Experimental Radius 


Bond 

Value 

Sum 

Bond 

Value 

Sum 

C— C 

1.55 

1.54 

S— C 

1.82 

1.81 

N— C 

1.47 

1.47 

Cl— c 

1.77 

1.76 

0— c 

1.42 

1.43 

Ge— C 

1.08 

1.99 

F— C 

1.42 

1.41 

Br— C 

1.91 

1.01 

Si— c 

1.93 

1.94 

Sn— C 

2.18 

2.17 


The excellent agreement for molecules containing covalent bonds 
betw^ecn the observed interatomic distances and those derived from the 
radius sums has been used as a basis for calculating the degree of reso- 
nance in molecules with conjugated systems.^^® For some molecules, 
the carbon-carbon distance is intermediate between that for a single 
bond, 1.54 A, and that for a double bond, 1.32 A. It is deduced from 
this that the bond has some single- and some double-bond character, 
which is the result of resonance betwiien the several possible structures. 
For example, benzene resonates b(^tween the two identical KekuM struc- 
tures, and it has been found by ekjctron diffraction measurements that 
the C — C distances are all 1.39 A. 

By noting the deviations between the experimentally determined and 
the calculated C — C distances, Pauling, Springall, and Palmer have 
determined the amount of double-bond character for C — C bonds in 
various conjugated systems. They conclude that: a bond between two 
double bonds, two benzene rings, or a double bond and a benzene ring 
has about 20 to 25 per cent double-bond character; a bond between a 
double bond and a triple bond has about 30 per cent double-bond charac- 
ter; and a bond between two triple bonds has about 40 per cent double- 
bond character. 

As a result of structure determinations by the electron diffraction 
method, Schomaker and Pauling conclude that the degree of reso- 
lance stabilization of furan, pyrrole, and thiophene increases in thi 

Brockway and Jenkins, J, Am, Chem, Soc„ 68, 2036 (1936). 

Pauling, Brockway, and Beach, ibid,, 57, 2705 (1935). 

Pauling, Springall, and Palmer, ibid., 61, 936 (1930). 

Pauling and Schomaker, ibid., 61, 1780 (1939). 
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order given. From the observed C — distances in pyridine and pyra- 
zine, 1.37 A and 1.35 A, respectively, it is concluded that resonance due 
to the Kekul6 structures is augmented by additional resonance due to 
ionic structures involving the nitrogen atoms. 

ABSORPTION SPECTRUM AND RAMAN EFFECT 

It will be profitable to discuss briefly the principles which govern 
the absorption of light by molecules. A simple diatomic molecule may 
be considered to have a dumbbell structure in which the two atoms 
vibrate very rapidly with respect to each other along the line .which 
separates them. In addition to this rapid vibration, the molecule tlowly 
rotates as a whole about its center of gravity. The electronic strActure 
of the molecule in its normal, uncxcitc'd state remains constant d\iring 
the vibration and rotation. When energy in the form of light is absorbed 
by the molecule, one or all of three changes may occur: the electronic 
structure of the molecule may be altered; the amplitude of vibration of 
the atoms may be increased; or the frequency of rotation of the molecule 
may undergo a change. 

When the light absorbed by a molecule results in a change in its 
electronic structure, the molecule is said to be electronically excited; 
when the absorbed light causes a change in the amplitude of vibration of 
the atoms, the molecule is vibrationally excited; when the absorbed 
light changes the rate of rotation of the molecule, the molecule is rota- 
tionally excited. Usually the absorption of light by a molecule results in 
simultaneous changes in its electronic, vibrational, and rotational states; 
and in the analysis of the spectral absorption data it is necessary to 
separate the absorbed light into the three components which contribute 
to the three types of excitation. 

Changes in the electronic structures of molecules require relatively 
large amounts of energy as compared with those necessary to produce 
vibrational and rotational excitations. The energy of electromagnetic 
waves is given by the equation e.v. = 12,336/X, where e.v. is the num- 
ber of electron volts (1 electron volt = 23,070 cal.) and X is the wave- 
length in Angstrom units. The energy necessary for electronic excita- 
tion corresponds to light in the ultra-violet or visible region of the spec- 
trum; that for vibrational excitation, to near infra-red light, and that 
for rotational excitation, to far infra-red light. Consequently, absorp- 
tion of visible or ultra-violet light usually results in electronic excita- 
tion, which is accompanied by rotational and vibrational changes. With 
the absorption of infra-red light, simultaneous vibrational and rotational 
excitations usually take place. 
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In the Raman effect, light of a given wavelength interacts with a 
molecule and a certain fraction of its energy is used in producing a purely 
vibrational excitation. The energy not used in this excitation is scat- 
tered from the molecule as light of a wavelength longer than that of the 
exciting source. The difference in wavelengths (or frequencies) of the 
original and scatterc'd light is therefore a measure of the excitation 
energy of the vibrating system. Since the Raman effect is measured 
by differences, the result obtained is independent (within certain limits) 
of the frequency of the exciting light. Furthermore, since infra-red 
absorption data also serve as a measure of vibrational energy effects, 
data obtained from the Raman effect and from infra-red absorption 
should be comparable; this is found to be true for a number of substances. 

The preceding discussion has been confined to diatomic molecules. 
The problem of the analysis of spectroscopic data for polyatomic mole- 
cules becomes exceedingly complicated owing to the large number of 
vibrating systems and to the increased possibilities for electronic transi- 
tions. Indeed, only for polyatomic molecules with high degrees of sym- 
metry have the data been successfully analyzed. 

The electronic excitations are more or less dependent on the mole- 
cule as a whole. However, the frequencies of the vibrating systems of 
atoms and groups are more constant, and it has been possible to assign 
certain characteristic frequencies to the various groups of atoms which 
occur in organic compounds. It is recognized that constitutional factors 
have definite effects on the frequencies which the various vibrating 
atomic couplets exliibit, but the variations due to constitution are usually 
not too great to impair seriously the assignment of the fundamental 
frequencies to particular pairs of atoms. Thus, infra-red absorption 
and Rarnan-effcct measurements are readily interpreted because they 
do not involve electronic changes, and these measurements have been 
extensively undertaken in the determination of characteristic group 
vibration frequencies. 

Raman Effect. Since the study of the Raman effect affords a direct, 
theoretically simple way of determining the fundamental frequencies of 
vibration characteristic of various atomic linkages, considerable experi- 
mental work has been done in the measurement of the Raman effect in 
organic molecules. Hibben has given an exhaustive summary of the 
experimental data. 

In presenting data on the Raman effect, the usual method of express- 
ing the magnitude of the difference in frequencies of the exciting and 
emitted light is in terms of reciprocal centimeters, cm,“'^, i.e., the num- 

Hibben, Chem, Rev,, 18, 1 (1936); Hibben, “The Raman Effect and Its Chemical 
Applications,” Reinhold Publishing Corp., New York (1939). 
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ber of waves per centimeter. The values of these differences are termed 
the Raman shifts. By using the frequency equation for an harmonic 
oscillator, 



it is possible to calculate from these Raman shifts the forces binding 
the atoms of the vibrating system. Force constants for some bonds will 
be found in Table XXXI. 

The use of Ramai^ data is valuable in the identification of certain 
linkages in organic compounds. The fact that bonds and atomic couplets 
exhibit characteristic Raman shifts which are independent of t^he en- 
vironment of the compounds containing them and, hence, which are 
free of intermolecular disturbances makes the method of practical im- 
portance for structure determination. Constitutive factors affect the 
absolute values of the shift characteristic of any group, but usuall}^ the 
perturbations arc not great enough to prevent identification of the 
particular bond or group producing the shift. The effect of constitution 
on the Raman shift for the C — H linkage is shown in Table XXX. 


TABLE XXX 

Raman Shifts for C — H Vibrations 


Linkage 


Linkage 


C — H aliphatic 

2918 

C — H aromatic 

3054 

H 

|2930 

(2802 

H 


C—C— H 

H 

c— o-~c 

H 

2970 


In Table XXXI arc collected values of the Raman shifts for a few 
atomic linkages; force constants {F) for some of the bonds are included 
in the table. The figures represent cither the ranges of values observed 
or rough averages. The force constants for the bonds other than those 
involving sulfur are relatively independent of the atoms held together, 
and the bond strengths are in the approximate ratio 1:2:3 for the 
single, double, and triple bonds, respectively. 

Attempts have been made by means of Raman spectra studies to 
determine whether there is unrestricted rotation about a single C — C 
bond. The data for aliphatic hydrocarbons and saturated aliphatic 
chlorides are inconclusive, although the results are not incompatible 
with the existence of cis and trans configurations. 

The course of certain polymerization reactions involving opening of 
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Cs=C bonds has been followed by noting the behavior of the C==C 
Raman shift. 


TABLE XXXI 

Raman Shifts and Force Constants for Characteristic Linkages 

F X 10® 


Linkage 

Shift, cm."”^ 

Dynes cm. 

C — H aliphatic 

2910-2970 

4.9 

C — H aromatic 

3050 

5.0 

C — C aromatic 

1580-1620 


C — C aliphatic 

990 

4.6 

C — 0 alcohol 

820-880 

5.0 

O—H 

3500 

6.8 

C—C 

1190 


\/ 



C 



S~H 

2570 

3.8 

c— s 

645 

2.1 

C — N nitro 

910-930 

4.3 

amine 

880 


N— 0 

1000-1080 


C~C1 

650-710 


C— Br 

570-600 


C— I 

500-530 

10.6 

C==C 

1600-1650 


C=0 acid 

1650 


ketone 

1710 


aldehyde 

1720 

10-11.6 

ei»ter 

1720 


anhydride 

1750 


N=0 nitrate 

1640 


nitrite 

1640 


nitro 

1565 


0=N 

1650 

10.4 

CsC 

2100-2250 

15.8 

C-=N 

2150 

17.5 


The value of Raman-effect data in determining structures or in 
differentiating between proposed structures can be illustrated by several 
of the many problems investigated. 

It has been found that the Raman shift due to the C==C bond in 
cis-'trans isomers is uniformly greater by at least 15 units for the trans 
compounds than for the cis compounds; the importance of this general- 
ization is ob\dous. By a careful study of the effect on the characteristic 
C=C shift of substitution on the (jarbons of the ethylenic linkage, the 
structures of rhodinol and citronellal have been determined. 

It has been found that the characteristic 0=0 shift of formaldehyde 



1778 


ORGANIC CHEMISTRY 


disappears when this compound is added to water; on solution the 
Raman spectrum becomes similar to that of glycol. These facts are 
interpreted to mean that the reaction CH 2 O + H 2 O — > CH 2 (OH )2 occurs. 
That no C=0 shifts are found in paraldehyde or paraformaldehyde is 
positive evidence that these polymers are cyclic in structure. 

In an equilibrium mixture of a tautomeric substance such as aceto- 
acetic ester, both C=C and C=0 shifts are observed. When the possi- 
bility of tautomerism is removed by dialkylation of the central carbon 
atom, the C=C shift is no longer observ’^able. These facts afford con- 
firmatory evidence for the classical structures of these compounds pro- 
posed by the organic chemist. , 

The presence in the oximes of a Raman shift which corresponds to 
that of the C=N linkage must be definitely considered in any proposal 
of a structure for these compounds. Similarly, it has been established 
from measurements of the Raman effect in nitriles and isonitriles that 
these compounds contain a C^N linkage. \ 

Infra-red Absorption Spectra. The investigation of infra-red ab- 
sorption spectra became of particular interest to the organic chemist in 
1935, when the results of studies of the infra-red absorption of cer- 
tain organic molecules containing OH groups were reported. This work 
immediately opened the way for the extensive investigation by Errera, 
Wulf, Sutherland, Rodebush, Badger, and others of chelation and inter- 
molecular hydrogen bond formation in organic compounds. 

An organic compound, aliphatic or aromatic, containing a free OH 
group shows a narrow symmetrical absorption band with its maximum 
at, or near, 2.7 /x (7000 cm.“"^); the exact location of the band depends 
upon the molecule. Hilbert et observed that this band was absent 
in those molecules which, from other evidence, were known to undergo 
hydrogen bond formation. It was later established that upon associa- 
tion the narrow band was replaced by a broad one extending from 2.9 fx 
to 3.3 fi, which was characteristic of the O — ^H • • • O linkage. 

The change in absorption characteristics of the OH bond of methyl 
alcohol in carbon tetrachloride solution is shown in Fig. 10, taken from 
the work of Buswell, Deitz, and Rodebush.^^® 

In dilute solutions (0.005 M), the 2.7-^ band of the unperturbed OH 
group is quite strong, and the broader band due to the O — H • • • O 
bond at 2.95 fi is relatively weak. As the concentration of alcohol in- 

Wulf and Liddel, J, Am, Chem. Soc., 67, 1404 (1935) ; Errera and MoUet, J. phys, 
radiumt 6, 281 (1935) ; Bloch and Errera, ibid,, 6, 154 (1935). 

“6 (a) Hilbert, Wulf, Hendricks, and Liddel, J, Am. Chem, Soc„ 68, 548 (1936) ; (6) 
Sutherland, Ann, Repie, Chem, Soc, {London), 36, 38 (1938) ; (c) Pauling, “The Nature 
the Chemical Bond,” Cornell University Press, Ithaca, New York (1939), p. 296, 
Buswell, Deitz, and Rodebush, J, Chem, Phya,, 6, 501 (1937). 
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creases, the number of associated molecules becomes greater and the 
2.7-fi band weakens while the 2.95-itt band becomes stronger. In this 
case, the degree of association is not known, but hydrogen bonding is 
the cause. 



Fig. 10. — Absorption curves for methyl alcohol at various concentrations in carbon 
tetrachloride and (top) pure liquid methyl alcohol. 

Studies of the aliphatic carboxylic acids have shown that, under 
conditions favoring association, the OH band decreases in intensity and 
a band characiteristic of the dimer appears. Equilibrium constants for 
the association were calculated from the data and found to agree with 
those obtained from vapor-density measurements. 

Studies have also been made of hj^'drogen bond formation involving 
the N — H • • • O linkage. Buswell, Rodebush, and Roy have investi- 
gated the infra-red absorption spectra of acid amides and their mono- 
Badger and Bauer, ibid., 6, 605 (1937). 

BuswoU, Kodebush, and Roy, J. Am. Ckem. Soc., 60, 2444 (1938). 
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and disubigtituted alkyl derivatives and of symmetrical ketoximes. Pro- 
pionamide in carbon tetrachloride solution showed no OH band at 2.7 /i, 

OH 

and hence does not enolize to give the structure C 2 H 6 C==NR. As the 
concentration of amide was increased, the characteristic NH bands at 
2.83 and 2.92 ju decreased in intensity and an O • • • H — N band at 
3.15 appeared. This change indicates that the molecules associate 
through hydrogen bond formation. N-Ethylacelamide in dilute solu- 
tion showed a strong OH band, proving that this compound cnolizes. 
There was a slight shift in the NH band with concentration, indicating 
that some association w’as occurring. Disubstituted acid amidejs gave 
no spectroscopic evidence for enolization or association. \ 

Symmetrical ketoximes were found to exhibit the strong OH' band 
expected for the structure R 2 C=N — OH. With increasing concentra- 
tion of compound, an association band at 3 m appeared. \ 

BuswclJ, Downing, and Rodebush vrcrc unable to obtain proof 
for the formation of N — ^H • • • N bonds with nitrogen compounds con- 
taining no oxygen. 

Gordy and Stanford have investigated the infra-red spectra of 
some compounds containing SH, NH, and NH 2 groups. Their results 
indicate that the SH group in thiophenol and mercjaptans bonds through 
the hydrogen with pyridine, a-picoline, and dibenzylamine. Pyrrole, 
diphenylamine, o- and p-toluidine, a-naphthylamine, and a- and m-chlo- 
roaniline were found to form N — ^H • • • O bonds with ether, and to 
polymerize in the pure state. 

The absence of the 2.7 -m band for molecules with OH groups may be 
due, not to intermolecular hydrogen bond foimation (association), but 
to intramolecular hydrogen bond formation (chelation). Chelation has 
been extensively studied by infra-red absorption measurements,^^®®’ 
and Table XXXII lists a few of the compounds found to form strong 
intramolecular hydrogen bonds. 


TABLE XXXII 


Compounds Undekgoino Chelation 


0- Nitrophenol 
2,6-Dmitrophenol 

1- Nitronaphthol-2 

2- Nitroresorcinol 
Methyl salicylate 
o-Hydroxyacetophenone 

1 .4- Dihydroxy-5, 8-naphthoquinone 

1 .5- Dihydroxy anthraquinone salicylaldehyde 


4.6- Diacctylresorcinol 

2.4- Dinitroresorcinol 

4.6- Din itroresorcinol 
2,2'-Dihy droxybenz ophenone 
1,8-Dihydroxyanthraquinone 

2.5- Dihydroxydiethylterephthalate 
Acetylacetone 


Buswell, Downing, and Rodebush, ibid., 61 , 3252 (1939). 
Gordy and Stanford, ibid., 62 , 497 (1940). 
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A study of the molecules found to form intramolecular hydrogen 
bonds has led to several generalizations regarding the conditions under 
which the phenomenon occurs. 
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Fia. 11. — Infra-red absorption spectra of phenol and related substances in carbon 
tetrachloride solution (Wulf and collaborators). 

From “Nature of the Chemical Bond,” by Linus Pauling, Cornell University Press, Ithaca, N. Y. 
( 1939 ). 


1. The distances between atoms in 0 — and N — H groups suffer 
very little change upon bond formation. 

2. The distances of the three-atom system are: 

0— H - O 2. 6-2. 7 A 
N— H - 0 2. 8-3.0 A 
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3. Chelation takes place only when the ring is free from strain; 
almost always the ring formed is six-membered, counting the H atom. 

4. There must be a limited number of bonds in the ring about which 
there can be free rotation. 

Some hydroxyl-containing compounds show strong absorption in the 
region 2.7 n, but the curves do not have the single sharp peak charac- 
teristic of aliphatic alcohols. The peaks sometimes occur at wave- 
lengths other than 2.7 /i, and sometimes have two maxima. This is 
illustrated in Fig. 11, taken from Pauling, by the absorption curves for 
phenol, o-chlorophenol, trichlorophenol, and catechol. 

Pauling explained the double maxima as being due to the existence 
of two types of OH or NH groups with different frequencies. A phe- 
nolic OH group does not interact with other groups meta or para\to it, 
since resorcinol, hydrociuinone, and m-nitrophenol show single alj^orp- 
tion peaks at 7050 db 15 cm.““^ Phenol, because of the partial double- 
bond character of the C — O bond due to resonance, has two possible 
configurations, but these forms are alike and therefore only a single 
absorption band is observed at 7050 cm.~^ The same geometrical con- 
siderations explain the existence of a single band for trichlorophenol, 
and the frequency maximum at 6890 cm.""^ (an appreciable shift from 
7050 cm.”^) is due to the interaction of the OH with the ortho Cl atom. 

For o-chlorophenol there are two non-('quivalcnt structures 



Two molecular species are therefore to be expected, with the efs- 
form in higher concentration because of the stabilizing effect of the 
0 — ^H • • • Cl bond. Experimentally, o-chlorophenol exhibits two peaks, 
one at 7050 cm.“"^ as in phenol characteristic of the trans-form^ the 
other at 6890 cm."^ as in si/m.-trichlorophenol characteristic of the 
as-form. The peak at 6890 cm.~^ has about ten times the absorption 
of the other. 

The explanation just given for the complexity of the spectrum of 
o-chlorophenol has been applied to other compounds. Some substances, 
e.g., o-methoxyphenol, show only one band; this indicates that only 
one of the isomers of these compoimds is stable. Catechol shows two 


Ml PauHng, ibid., 68. 94 (1936). 
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equal peaks of absorption at 6970 and 7060 these are presumably 

due to the configuration 

H 



which has two OH bonds of different types in equal amounts. 

Davies has studied the infra-red spectrum of chloral hydrate in 
the range 2.6-“3.0 m and has found a strong band at 2.8 m which can be 
due only to the OH bond. He concludes that the anomalous stability 
of two OH groups on the same carbon atom in chloral hydrate is due to 
the interaction of the OH groups with the adjacent CCI3 group, i.e., to 
form O — ^H • • • Cl bonds. Bromal hydrate was found to exhibit the 
same general spectral properties as chloral hydrate. ^ 

The use of infra-red absorption measurements in studying the asso- 
ciation and chelation of organic compounds affords an excellent example 
of the utility of a physical measurement which yields direct information 
about the behavior of definite structural units in complex molecules. 
Such a method offers distinct advantages over others such as the para- 
chor. This is true because the parachor value represents the sum of all 
the structural units in the molecule, and hence necessitates that indi- 
vidual groups or units be identified by taking differences, a procedure 
frequently inaccurate. 

Visible and Ultra-Violet Absorption Spectra. As previously stated, 
the absorption of visible or ultra-violet light is usually associated with 
a change in the electronic structure of one or several parts of the absorb- 
ing molecule, accompanied by alteration in the vibrations of the atoms 
in the groups and by changes in the molecular rotation. If only elec- 
tronic excitation occurs, the absorption is confined to a single wave- 
length, as is found in the spectra of certain rare-earth metals; it is the 
additional changes in vibration and rotation which are responsible for 
the broad nature of the observed absorption bands. 

It frequently happens that there are two groups in the molecule 
which absorb light. If these groups are isolated from each other in the 
sense that there is little or no electronic interaction between them, the 
absorption spectrum usually exhibits two separate absorption bands, 
each characteristic of one absorbing group. If the two groups interact 
electronically, usually through conjugation, the resultant absorption 
shows a strongly modified band or bands. 

Davies, Trans. Faraday <Soc., 86, 333 (1940). 
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The types of interaction between two groups may be broadly and 
loosely classified by their effects upon the absorption spectrum of the 
molecule. The first type of interaction is found when two relatively 
non-polar groups are joined by conjugated double bonds, and the ab- 
sorption spectra of such systems are usually in the ultra-violet or near 
ultra-violet. Although resonance plays a part in determining the spectra 
of such compounds, its marked effect is shown in the second type of 
interaction usually found in strongly colored substances, dyes. This 
was first pointed out by Bury.^® 

Lewis and Calvin in an excellent review of the absorption behavior 
of organic substances have critically examined the pertinent dala and 
have formulated a general theory about the color of compounds. I They 
describe resonance as follows: \ 

‘‘A substance to which only one reasonable formula can be as^gned 
has properties in accord with that formula. When to a substance two 
or more structures might be assigned, such that one may be derived 
from another merely by the shifting of electron pairs, these structures 
are said to be in resonance with one another, especially if the energies 
corresponding to the several structures, as well as the relative positions 
of the atoms, are not widely different. Such a resonating substance is 
to be regarded not as a mixture of various molecules corresponding to 
the various structures, but rather as having a single kind of molecule 
which, however, partakes of the character of the several contributing 
structures.’’ Resonance is usually responsible for the deep color of 
certain organic compounds. The individual groups making up the mole- 
cules have their characteristic absorptions in the ultra-violet or near 
ultra-violet, and resonance causes the absorption in the visible region. 

Most colored organic compounds arc only slightly volatile and have 
been studied only in solution. In solution, the rotational fine structure 
is completely wiped out, and that due to vibrational effects is usually 
not resolved. This results in a broad band which may or may not show 
minor peaks. It is sometimes possible to resolve the vibrational struc- 
ture by observing the spectrum at low temperatures, where the perturb- 
ing effects of the solvent molecules are considerably diminished. This 
is illustrated in Fig. 12, taken from Lewis and Calvin. 

The solvent used may have a marked effect upon the absorption 
spectrum, particularly when there is reaction such as salt formation 
between the solute and the solvent or when solvation occurs, frequently 
through hydrogen bond formation. This effect is shown in Fig. 13 for 

«» Buiy, J. Am. Chem. Soc., 57, 2115 (1936). 

Lewis and Calvin, Chem. 72ct., 26, 273 (1939) ; Branch and Calvin, "The Theory of 
Organic Chemistry," Prentice-Hall, New York (1941). 
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Fig. 12. — Absorption curves of dodecapentaenic acid in a mixture of ether and 

alcohol. 




Frequency, 

Fig. 13. — Influence of solvent on the absorption spectrum of benzeneazophenol 

1 » HCl solution; 2 » pyridine solution; 3 «« alcohol solution; 4 « KOH solution. 

From data of Brode, loc. cit. (Courtesy of publishers.) 



1786 


ORGANIC CHEMISTRY 


benzeneazophenol; taken from Brode.^^® In order to reduce solvent 
effects, measurements are made in non-polar or slightly polar media, if 
solubility relations permit it. 

It will not be possible to develop fully or to illustrate amply the 
various ramifications of theories of color. For a more detailed treat- 
ment, reference should be made to the paper of Lewis and Calvin and 
to leading citations given therein. For the present purpose, it will be 
possible to give only a few illustrations of the absorption behavior of 
various types of organic compounds. 

The effect upon absorption of the interaction of two relatively non- 
polar groups which exhibit resonance to a minor degree is illustrated by 
observations on the absorption spectra of solutions of aldehvdes.^^® 
The spectra of benzene, propionaldehyde, bcnzaldehydc, phenylacetal- 
dehyde, and hydrocinnamaldehyde were investigated. The introduction 
of the aldehyde group into benzene profoundly modified the absoi^ption 
of benzene. The separation of the CHO group from the benzene\ ring 
by a CH 2 group as found in phenylacetaldehyde resulted in less modi- 
fication of the benzene absorption, and the introduction of two CH 2 
groups resulted in a spectrum in which the absorption due to the ring 
was practically identical with that of benzene. Simultaneous with the 
above changes, there were alterations in the absorption of the CHO 
group as found in propionaldehyde; in hydrocinnamaldehyde the car- 
bonyl absorption was identical with that of propionaldehyde. The 
absorption spectrum of hydrocinnamaldehyde was the same as that of 
an equimolal mixture of benzene and propionaldehyde. It appears from 
these data that interaction effects are completely eliminated between 
the carbonyl and phenyl groups when these groups are separated by two 
methylenes. 

Smakula has summarized the results of an extended investigation 
by Hausser, Kuhn, et al, of the absorption characteristics of compounds 
containing conjugated chains. The compounds studied did not show 
large resonance effects because of their structures. The classic example 
of the effect of increasing the length of the conjugated chain is given in 
Fig. 14 for the diphenylpolyenes. In the series, the number of double 
bonds was varied continuously from one to seven. 

The positions of the absorption maxima move progressively to longer 
wavelengths as the number of double bonds in the molecule increases. 
Lewis and Calvin have found a linear relationship between the square 
of the wavelengths of maximum absorption and the number of double 

Erode, J. Phya. Chem., 30. 66 (1926). 

Arnold and Kistiakowsky, J. Am, Chem, Soc,, 64 , 1713 (1932). 

Smakula, Angew, Chem,, 47 , 667 (1934). 
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bonds in the chain. Their plot for this is given in Fig. 15. They ex- 
plain this linearity by assuming that the vibrating C==0 groups, al- 



though retaining their identity in the chain, interact to behave as a single 
oscillator which obeys the equation of an harmonic oscillator. 

The molecular absorption coefficient, e, is defined by I/Io = 10~“**, 
where is the incident and I the transmitted li^t, c is the molar 


1788 


ORGANIC CHEMISTRY 


concentration, and d the length of path in the absorbing medium. Foi 
the polyenes, the coefficients depend on the number of double bonds, 
each bond behaving as though independent of the others; the c of a 
compound is therefore about equal to that for the homolog with one 
double bond multiplied by the number of double bonds. This is shown 
in Fig. 14. 

Witt formulated the first theory of color. He stated that a dye 
must have one or more groups called chromophores, wliich are un- 



Fig. 1 5. — Plot of the square of the wavelength against the number of units of the 

()olyenic chain. 

saturated groups showing absorption in tJie ultra-violet or near ultra- 
violet. Examples of well-known chromophores are C=C, N=N, C==0, 

O 

/ 

N=0, and combinations of these linkages, e.g., N=0. In simple mol- 
ecules it has been possible to assign approximate absorption regions to 
the various chromophoric groups; for example, in aliphatic ketones and 
aldehydes the carbonyl group absorbs in the region 2000-3000 A, and 
the nitro group in nitromethane absorbs at about 3600 A. In addition 
to the chromophores, a molecule might have other groups called auxo- 
chromes, which, though showing no absorption in the visible part of 
the spectrum, have the power of greatly enhancing the color of a chromo- 
phore-bearing substance. It is now recognized that the function of the 

“8 Witt. Rcr.. 9. 622 (1876) ; 21. 321 (1888). 
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auxochromes is to increase the resonance of molecules; examples of such 
groups are OH and NH2. 

Bury applied the theory of resonance to the fact that certain com- 
pounds show much deeper color than would be expected from their 
chromophores. As an example he cites Dobner's violet, which exhibits 
a high degree of resonance because of the existence of two equivalent 
structures 


CeHe Cells 



This compound therefore has a much deeper color than would be ex- 
pected from the non-chromophoric NH2 group and the three phenyl 
groups which absorb in the ultra-violet. The compound p-aminotri- 
phenylmethane hydrochloride is colorless, and examination will show 
that no resonating structures of equal energy are possible. The intro- 
duction of the non-chromophoric NH2 group, which is an auxochrome 
in Witt’s terminology, into one of the unsubstituted phenyls introduces 
resonance, and the deep violet color of the dye results. Similarly, the 
introduction of the non-chromophoric OH group into the colorless 
sodium p-hydroxytriphenylmethane promotes resonance between the 
structures 

CeHe CcHb 

w 

and the resulting. product, benzaurin, is a dye. 

The cyanine dyes, extensively studied by Brooker and co-workers 
and by Fisher, Hamer, et are intensely colored substances exhibit- 
ing a high degree of resonance. These dyes have the general structure 

R— N=C— (C=C)n— N— R R— N— (C=C)n— C=N— R 

Lewis and Calvin have plotted the absorption maxima for the series of 
dyes 



(a) Brooker and JCeyes, J, Am, Chem, Soc., 69, 74 (1937) ; (6) Brooker and Smith 
ifyid.t 69, 67 (1937) ; (c) Brooker, Sprague, Smyth, and I^ewis, ibid., 62, 1116 (1940). 

Fisher and Hamer, Proc, Roy. Soc. {London), A164, 703 (1936) ; Beilenson, Fisher 
and Hamer, ibid., A163, 138 (1937). 



1790 


ORGANIC CHEMISTRY 


against the number of double bonds in the chain, as shown in Fig. 16. 
The linear relationship between the absorption maximum and the num- 
ber of double bonds in the chain is striking. This is explained by Lewis 
and Calvin by assuming that the high degree of resonance causes the 


10000 r 



012345678 
No. of Double Bonds Between N’s, 

Fig. 16 . — Plot of wavelength against the number of double bonds between the two 
nitrogen atoms for a series of carbocyanines. 

electrons in the chain system to be uniformly distributed so that the 
system behaves as an elastic string, where the vibration frequency is 
inversely proportional to the length of the string. 

A direct attack on the problem of the relationship between resonance 
and light absorption has ^n made by Brooker, Sprague, Smsdih, and 
Lewis, ***' who compared the absorptions of the vinylene homologous 
series of thiacyanine dyes, I (n = 0, 1, 2), with those of the bases, 
II (n = 0, 1, 2), which are derived from the dyes. The absorption 
spectra of the dyes and their bases differ in several important re- 
spects. In each case the base absorbs at shorter wavelength than the 



CONSTITUTION AND PHYSICAL PROPERTIES 


1791 


O 


/ \ 

;0-CH— (OH— OH).— G . 

k ' 

(a) 


)o 


£ 1 / 


I- 



I- 


Et 


(a) 



cyanine with the same chain length, and the difference in Xmax. between 
the base and the cyanine increases with the number of conjugated 
double bonds. In the cyanine series, the value of the molecular absorp- 
tion coefficient, emax., increases continuously as the series is ascended, 
but the values of Cmax. are very close together for the bases and are much 
lower than those for the corresponding cyanines. 

The fact that the absorption spectra of a cyanine and of its base of 
the same chain length are very different provides a further demonstra- 
tion that the presence of conjugation is insufficient to define the absorp- 
tion of a compound. 

The cyanines each have two identical resonance configurations, la 
and Ife, giving absorption curves which rise, in the first few members, to 
a high value of Cmax.; and which are widely separated with respect to 
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wavelength. On the other hand, it is not possible to devise two identical 
resonance configurations for the bases II. There is, however, a certain 
probability for the dipolar formula II6, and resonance between Ila and 
II6 has been suggested by Brooker et al. In II6 the quaternary nitrogen 
atom is normal, but the >N~ in the benzothiazole nucleus is not likely 
to be very stable, and the actual state of the molecule tends to approach 
Ila, with a corresponding loss of resonance. In view of the fundamental 
assumption concerning resonance and color, the bases II are therefore 
less deeply colored than the very highly resonating cyanines. 

It was further argued by Brooker et ah that, if >N”“ is a point of 
instability in II6, the stability of the conjugated system should be 
increased by replacing the benzothiazole nucleus by one in which >N“ 
is more stable. For this purpose, an indole nucleus was choseiL since 
indoles with hydrogen attached to nitrogen characteristically yi^d po- 
tassium derivatives, and hence show a strong tendency to form 'nega- 
tively charged indolyl ions in which >N— is stable. ^ 

In direct support of the deductions of these investigators, the base 
III was found to be actually more deeply colored than its methiodide, 


III 



Et 

(a) 



Et 

(b) 


IV. This result was ascribed to a combination of two distinct, although 
related, factors. The first is that III resonates relatively strongly, 
owing to the stability of >N~ in III6, and the second is that IV is 
abnormally light in color. This latter fact is explained on the basis that 
the indole nucleus is less basic than the benzothiazole nucleus and hence 
that IVa is less stable than IV6. There is a tendency toward IV6 accom- 
panied by loss of resonance, and the dye therefore absorbs at shorter 
wavelengths than would be expected. It was demonstrated by the 
synthesis of other compounds that the presence of the indole nucleus 
alone was not sufficient to confer deep color. Confirmation of the argu- 
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ments was provided by a comparison of the dipole moments. The 
structures postulated to have dipole modifications were found to have 
moments definitely greater than those calculated from the classical 
formulas. 


IV 



Many additional examples of resonance are known and have been 
discussed. At the present time there appears to be no strong argument 
against the general concept as applied to the theory of color, although 
there have been other approaches to the problem. Burawoy has 
attempted to classify chromophoric groups and absorption bands into 
two types. These are the R (radical) chromophores, which are due to 
double bonds and occur in simple compounds like acetone and nitro- 
methane, and the K (conjugation) chromophores, which arc sensitive to 
polar groups such as NH2 and OH. Burawoy explains the behavior of 
these types on the basis of electron isomerism, in which double bonds 
may open to give quasi free radicals. He differentiates between the 
effect of electron isomerism and resonance, stating that there is no con- 
nection between them. Burawoy^s facts and arguments do not appear 
strong enough to merit preference over the resonance approach to the 
problem. 

The intense color of the triarylmethyl free radicals was first investi- 
gated by Meyer and Wieland.^®^ The color of these compounds cannot 
be explained on the simple resonance concept. Lewis and Calvin have 
suggested that the presence of the odd electron in the free radicals pro- 
duces a very mobile electron cloud which easily interacts with the inct 
dent light. 

*•1 Burawoy, J. Chem. Soe., 1177 (1939). 

Meyer and Wieland, Ber., U, 2657 (1911). 
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Conrad-BUlroth has published a series of papers on the absorption 
spectra of aromatic compounds and has pointed out certain relationships 
between the nature of the absorption band and other physical properties 
such as the dipole moment. Attempts to resolve the absorption spectra 
of organic compounds into additive and constitutive components have 
not proved successful.^^ This is undoubtedly due to the as yet un- 
analyzed contributions of the parts of the molecules to their resonance. 
Until this analysis is made, it does not appear to be possible to segregate 
the effects of individual groups upon the integrated spectrum. 

The use of absorption spectra has in some cases been of |iralue in 
studying the structures of compounds. Such studies have bee(n made, 
particularly by Hantzsch, with acetoacetic ester and have established 
the existence of its tautomers. Similarly, the spectra of certainWeriva- 
tives of phloroglucinol have given direct evidence for the hydre^y and 
keto forms of this compound. \ 

The practical value of absorption measurements is well known to 
the worker in the field of natural products. When complex compounds 
are being investigated, the absorption spectrum is frequently one of the 
few properties used for identification. This is illustrated by studies of 
pyrrole pigments by Stern, Wenderlein, and Molvig.^“ 


THERMODYNAMIC PROPERTIES OF ORGANIC COMPOUNDS 

For the organic chemist, the most useful function of thermodynamics 
is the prediction of the course and extent of chemical reactions. When 
the required thermal properties of reacting substances and of their 
products are known, it is possible to calculate to what extent a reaction 
will proceed. However, the fact that a reaction is energetically possible 
does not insure that it will go under normal conditions, since thermo- 
dynamics can give no information as to its rate. For example, calcula- 
tions show that the reaction of hydrogen and oxygen to form water will 
come to equilibrium when the gases are present in less than 1 part in 
10^®; however, at room temperature the gases do not react at a measur- 
able rate unless they are irradiated with ultra-violet light or are in 
contact with a suitable catalyst. 

The thermodynamic method is empirical in the sense that it is based 
upon certain arbitrary definitions and upon the experimentally proved 
infallibility of the so-called first, second, and third laws. By mathe- 

iw Conrad-Billroth, Z. phyaik. Chern,, B25, 139 (1934) ; B20, 222 (1933). 

1** Wolf and co-workers, ibid., B13, 201 (1931) ; B21, 389 (1933). 

Stem, Wenderlein. and Molvig. ibid., A170, 337 (1934) ; A174. 81 (1936) ; A177, 40 
(1936). 
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matical analyses of the defined functions consistent with the observance 
of the three laws, certain relationships between experimentally deter- 
minable quantities are derived. The three most important thermody- 
namic quantities are the free energy, F, the heat content, H, and the 
entropy, S. 

Though F, H, and S are mathematically defined and are not de- 
pendent for definition upon any restricted physical process, they can 
be measured by certain processes and can be loosely interpreted in 
terms of such processes. For practical use, the chemist is interested 
chiefly in the change in free energy, AF, which accompanies a reaction; 
this is obtained by subtracting the sum of the free energy contents, 
Psi Fa, etc., of the products from that of the reactants, Fi, F 2 , etc.; 
i.e., AF = Fi + F 2 — F 3 — Fa* The change in heat content, Aff, 
and the change in entropy, AS, are similarly obtained from the heat 
contents and entropies of the reactants and products. 

The equation used in determining the extent of a reaction is 


logZC=- 


AF 

22RT 


where R is the gas constant, T the absolute temperature, and K the 
equilibrium constant. If iC = 1 , the reactants and products of a reac- 
tion B ?::± C + D will be in equilibrium when the reaction has 
proceeded 60 per cent. If if = 100, the reaction reaches equilibrium 
when it is about 90 per cent complete, and if K is 0.01 the reaction will 
go about 10 per cent to completion. At room temperature, log K = 
— AF/1400 (approximately); consequently, if AF is less than —4200, 
log K is greater than 3 and K is greater than 1000. The reaction may 
therefore be considered to go to completion. If AF is greater than 
+4200, the reaction will stop when less than 1 per cent completed, pro- 
vided that the equilibrium is not disturbed by precipitation, evapora- 
tion, etc. 

The entropy of a substance may be very loosely considered to be a 
measure of the randomness of arrangement of its molecules in space. 
At absolute zero, where all intermolecular forces are zero and the ar- 
rangement of molecules is perfect, the entropy is zero. With increasing 
temperature, the molecules acquire thermal agitation and take on pro- 
gressively less perfect arrangements, and the entropy rises. In the 
transition from the solid to the liquid state, there is an abrupt loss of 
order and the entropy increases markedly; and upon vaporization to 
give a more or less completely random arrangement of molecules, the 
entropy increases again. Trouton^s rule states that for non-associated 
liquids the latent heat of vaporization, Q, divided by the absolute tern- 
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perature is a constant, approximately 23. This is simply a statement 
that the entropy of vaporization, S = Q/T, is c6nstant for such liquids. 

The change of heat content, Ai?, accompanying a reaction is equal 
to the heat of the reaction at constant pressure. This quantity is fre- 
quently used in calculating changes in free energy. It is also of impor- 
tance in calculating the equilibrium constant for a reaction at a given 
temperature from that found at another temperature. The equation is 

d\nK ^ AH 
dT Rf^ 

The free energy changes for reactions may be calculated from the 
equation AF = All — TA/S, and AH and AS may be determined from 
thermochemical data. The heat content, H, for a substance \at tem- 
perature T is equal to the heat capacity, Cp, measured at cbnstant 
pressure and integrated from absolute zero to T. The entropy, S, is 
equal to the quotient Cp/T integrated from zero to T. It is nit easy 
to measure the heat capacities of substances at very low temperatures, 
but some systematic investigations of organic compounds have been 
made. 

The thermodynamic properties of organic compounds have been 
discussed in detail in a number of publications. From measurements of 
the heat capacities of certain organic compounds and of their elements 
over a wide range of temperatures. Parks and Huffman have calcu- 
lated entropies and heat contents. These values, in conjunction with 
measured heats of reaction, have permitted the calculation of the free 
energies of formation of the compounds from their elements. 

Parks and Huffman found that the entropies of the members of 
certain homologous series, e.g., the n-hydrocarbons, increase linearly as 
the series is ascended. The free energies of formation, AF, do not form 
a regular series, although variations are in the same direction and of 
the same order of magnitude. When alkyl groups are substituted for 
hydrogen in a n-hydrocarbon, the entropy of the branched-chain com- 
pound is less than that of the normal compound having the same num- 
ber of carbon atoms. The formula ^298 = 25.0 + 7.7n — 4.5r, where 
S 298 is the entropy at 25® C., n is the number of carbon atoms in the 
compound, and r is the number of branched chains (alkyl) in the mol- 
ecule, fits the data for a number of isomeric pentanes, heptanes, and 
octanes satisfactorily. The heats of formation and free energies of 
formation at 25® C. vary in like manner with the introduction of side 
chains into the n-hydrocarbons; AH 298 is lower for the branched-chain 

(a) Parks and Hiiffman, “Free Energies of Some Organic Compounds,” Am. Chem. 
Soc. Monograph Series, No. 60, Chemical Catalog Co., New York (1932) ; (6) Rossini,/. 
Research NaU, Bur, Standards, 13 , 21, 189 (1934). 
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compounds, and AF 298 is higher. The heats of formation and free ener- 
gies of formation of unsaturated hydrocarbons are greater than those of 
the corresponding saturated compounds; the differences decrease as the 
unsaturation becomes buried in the molecule. 

Three general equations have been given for the entropies of n-hydro- 
carbons in the liquid, gaseous, and solid states at 25® C. 

S 298 Oiquid) == 25.0 + 7.7n 
^298 (gas) == 34.0 + lO.On 
^298 (solid) = 18.0 + 5.8n 

In these equations, n is the number of carbon atoms in the molecule. 
Parks and Huffman have considered organic compounds as derivatives 
of the hydrocarbons, and have prepared a list of substitution factors 
which, when added to the entropy values for the parent hydrocarbons, 
give corresponding entropies for the compounds. Their substitution 
factors are given in Table XXXIII. In this table substitution factors 

TABLE XXXIII 


Molal Entropy and Free Energy Factors 


Structural Modifications 

Change 

in Molal Entropy 

Change 
in AF 298 



m 

Addition of CH 2 in chain 

5.8 



1,080 

Substitution of CH 3 for H (chain) 

5.0 

3.2 

5.0 


C 2 H 6 for H (chain) 


10.9 


3,000 

CHs 'for H (ring) 

5.8 

7.7 


.... 

C 2 H 5 for H (ring) 

11.6 

15.4 


1,100 

CeHe for H 

17.0 

19.5 


36,000 

Cyclohexyl for H 


26.5 


13,000 

Conversion C — C to C==C 

-2.7 

-2.7 

-2.7 

20,000 

Sub. OH for H (primary alcohol) 


-1.5 

13.0 

-34,000 

(secondary alcohol) 


-4.0 

9.0 

- 37,000 

(tertiary alcohol) 

0.5 

-6.0 

7.0 

-41,000 

(phenol) 

0 

0 


-41,000 

Sub. of — 0 — to form ether 


5.0 

8.0 

-20,000 

Sub. of =0 for 2H (aldehyde) 

1.0 


.... 

-23,000 

==0 for 2H (ketone) 

1.0 

0.5 

6.0 

-30,000 

CO 2 H for H (acid) 

5.8 

7.7 

.... 

-83,200 

NH 2 (amine) 

mSm 

0.0 


6,000 

NO 2 (nitro compd.) 

BH 



7,000 

Cl 

HI 


9.0 

-1,600 

Br 

7.5 

9.0 

11.6 

4,500 

I 

9.0 


14.0 

10,000 
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have been given for the solid, liquid, and gaseous states. In comparing 
thermodynamic data to determine the effect of additive and constitu- 
tive factors, more consistent results are to be expected when the data 
apply to the gaseous state; this is because intermolecular forces are 
almost completely absent in the gas. 

The thermodynamic data for some aliphatic and aromatic hydro- 
carbons have been summarized by Rossini, Pitzer,^^ Aston, and 
Parks.^^® 

Conant and Thompson have studied the equilibria between enol 
and keto forms of acetoacetic ester and acetylacetone and some of their 
derivatives. The equilibria were determined for the gaseous phase in 
order to eliminate effects due to intermolecular forces, and free energy 
changes were calculated from the data. The results show thati there is 
a relationship between the structure of a compound and the fre^ energy 
of enolization in the gaseous state; because of solvent effects, tiis rela- 
tionship is obscured when the equilibria are measured in the liquid 
state. It was found that replacement of a hydrogen of the central car- 
bon atom by a primary alkyl group increased AF by 1 kcal., and by a 
secondary alkyl group by about 1.5 kcal. Substitution of a phenyl group 
was found to decrease AF by 0.7 kcal., thus increasing enolization as 
contrasted with the effect of other substituents which decreased the 
tendency to enolize. From the fact that the enol-keto equilibria were 
not greatly affected by temperature, it may be concluded that AH of 
enolization is small. 

The study of the thermodynamic properties of organic compounds 
has led to values for the free energies, entropies, and heat contents of 
a number of substances, but the greatest amount of data has been the 
result of measurements of heats of combustion. These data are ex- 
pressed as the number of calories evolved or absorbed when an organic 
compound reacts with oxygen to give CO 2 , H 2 O, NO 2 , etc. 

Kharasch has compiled and evaluated the available combustion 
data on organic compounds and has developed a method of calculating 
the heats of combustion of liquid substances. His formula is Q = 
26 . 05/1 + C, where Q is the heat of combustion, 26.05 the net amount 
of energy change per mole electron, n the number of valence electrons, 
and C a constant characteristic of the electron linkage. The values of 
the constant C for some linkages are given in Table XXXIV. 

w Rossini, Chem. Rev,, 27, 1 (1940). 

Pitzer, {bid,, 27, 39 (1940). 

Aston, ibid., 27, 69 (1940). 

Parks, ibid,, 27, 76 (1940). 

Conant and Thompson, J. Am. Chem, Soc., 64 , 4039 (1932) < 

Kharasch, Bur. Standards J. Research, 2 , 359 (1929). 
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TABLE XXXIV 


Valtteb of the Constant C fob Calculatinq Heats of Combxtstion 


Coupling 

C 

Coupling 

C 

Aromatic to aliphatic 

-3.5 

Aromatic to aromatic 

-6.6 

Double bond 


Triple bond, one H 

1-46.1 

aliphatic, cis 

16.6 

no H 

33.1 

aliphatic, tram. 

13.0 

Primary alcohol 

13.0 

aromatic to aliphatic 

-6.5 

Secondary alcohol 

6.5 

in ring 

+6.6 

Tertiary alcohol 

3.6 

Aldehyde (RCHO) 

13.0 

Phenol 

3.5 

Ketone (RCOR) 

6.5 

Ester (RCOaR) 

16.5 


When the heats of formation of the products of a reaction are known, 
the measurement of the heat of reaction provides a means of calculating 
the heats of formation of the initial substances. In order to make such 
calculations for organic compounds, it is necessary to know the heals of 
formation of the carbon compounds in the reaction products. The ab- 
solute values of the heats of formation of carbon compounds depend 
upon the heat of sublimation of carbon, which has not yet been accu- 
rately determined. However, by making reasonable assumptions it is 
possible to construct a set of figures for heats of formation which can 
later be readily converted to their true values when an accurate figure 
for the heat of sublimation of carbon has been obtained. Such a set of 
heats of formation is internally consistent and is reliable for making 
comparisons between compounds. From such a set it is possible to 
calculate empirical bond energies, that is, the amounts of energy neces- 
sary to break the various chemical bonds. 

The ener^es of a number of bonds in inorganic compounds have been 
directly determined by thermochemical and spectroscopic methods. 
Starting with these as a basis, Pauling has calculated the ener^es of 
a number of bonds involving carbon. He assumed that the total energy 
content of a molecule could be determined by adding the energies of its 
individual bonds. This assumption of additivity of bond energies has 
proved to be justified as a first approximation. 

Rossini has studied the heats of formation of normal aliphatic 
hydrocarbons and has discussed the energies of the bonds in these com- 
pounds. He points out that there are several types of C — ^H (and C — C) 
linkages, depending upon their position in the molecules, and that their 
energies are not identical. For example, to split the first hydrogen from 
methane requires a different amount of energy from that required to 
remove the last. This shows that the bond energies depend not only on 

Pauling, J. Am, Chem, Sac,, M, 3670 (1932). 



1800 


ORGANIC CHEMISTRY 


the nature of the atoms which are linked directly by the bonds in ques- 
tion but also on the rest of the molecule. However, these effects are 
usually small, and it would be very difficult to take them into accoimt 
in a general way. The classical procedure in deriving bond energies, 
i.e., to evaluate average values for all like bonds, has therefore been 
used by Pauling.^^®® Some of his values are given in Table XXXV. 


TABLE XXXV 



Energy Values for Covalent Bonds 


Bond 

Bond Energy 
kcal./mole 

Bond 

Bondi Energy 
kcal./mole 

H—H 

103.4 

C— Cl 

^.5 

C—C 

58.6 

C— Br 

54.0 

N— N 

23.6 

C— I 

4^.5 

0—0 

34.9 

C=C 

100. 

s— s 

63.8 

C=-0 

\ 

C— H 

87.3 

Formaldehyde 

Other 

142 

N— H 

83.7 

aldehydes 

149 



Ketones 

152 

0— H 

110.2 



S— H 

87.5 

C=N 

94 

C-N 

48.6 

c=s 

103 

C— 0 

70.0 

CfeC 

123 

c— s 

54.5 

C^N 

150 


The assumption of additivity of bond energies has been found by 
empirical test to be justified in most cases, and values for heats of for- 
mation obtained by adding the bond energies agree with the experi- 
mental figures within a few kilocalories. Superimposed on this addi- 
tivity are the effects of the remainder of the molecules, which have been 
extensively studied in recent years. 

Pauling and Sherman have empirically determined the stabilizing 
energies contributed by resonance to a number of organic compounds. 
They compared the observed energies of formation with those empiri- 
cally calculated on the assumption of additivity of bond energies; for 
those molecules in which resonance was expected from other considera- 
tions, the observed energies of formation were greater than the calcu- 
lated. The difference in the two values for a given compound was con- 
sidered to be the resonance energy. 

The resonance energies for a few compounds, taken from Pauling, 
are given in Table XXXVI. 

Pauling and Sherman, J, Chem. Phys., 1, 606 (1933). 
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TABLE XXXVI 


Resonance Enebqies of Organic Compounds 


Substance 

Benzene 

Naphthalene 

Anthracene 

Phenanthrene 

Biphenyl 

Stilbene 

Pyridine 

Pyrrole 

Furan 


Resonance Energy 
kcaL/mole 


Resonance Energ}^ 
Substance kcal./mole 


39 Thiophene 31 

75 Acids 28 

105 Esters 24 

110 Amides 21 

8* Urea 37 

15* Phenol 7* 

43 Phenyl cyanide 5* 

31 Carbon monoxide 58 

23 Carbon dioxide 33 

* In excess of that for the bensene rings. 


Bent and co-workers have made a study of the equilibria between 
sodium and various triarylmethyl radicals and have calculated"* the 
strength of the C — C bond in hexaarylethancs. Bent and Ebers 
conclude that, in dixanthyls, the C — C bond is weakened by about 
16 kcal.; tliis they attribute to a combination of stcric and resonance 
eflPects. From studies of heats of reactions, Bent, Cuthbertson, et 
conclude that the C — C bond in hexaphenylethane Ls about 30 kcal. 
weaker than a normal C — C bond, and that this is duo about equally to 
the weakening of the C — C bond in the ethane and to the stabilizing 
effect of the resonance energy of triphenylmethyl. 

A series of accurate measurements of the heats of hydrogenation of 
some imsaturated organic compounds has been made by Kistiakowsky, 
Vaughan, et al. The results of the investigations have been summarized 
by Conant and Kistiakowsky.^^^ 

The heat of hydrogenation of ethylene is 32.8 kcal./mole. Substi- 
tution of the hydrogen atoms by alkyl groups was found to lower the 
heat of hydrogenation progressively until for tetramethylethylene 
AH = 26.9 kcal. The effect of substitution is not additive, each suc- 
ceeding substituent having less effect than the preceding, and is inde- 
pendent of the chain length of the normal alkyl radical substituted. 
m-Butene-2 has a heat of hydrogenation of 28.6 kcal., while that for 
<mws-butene-2 is 27.6 kcal.; the value for cyclohexane is the same as 
that for cis-butene-2. 

The heats of hydrogenation of the first bonds of a number of com- 
pounds containing multiple double bonds have been determined and the 

Bent and Ebers, J, Am. Ckem. Soc., 57 , 1242 (1935) . 

Bent, Cuthbertson, et al., ihid.^ 68 , 165, 170 (1936). 

Conant and Kistiakowsky, Chem. Rev., 80 , 181 (1937). 
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data analyzed. The heat effect is greatest for 1,4-addition, there being 
an exaltation of 2 to 3 kcal. due to conjugation; substitution on a terminal 
carbon atom of butadiene-1,3 has about the same effect as substitution 
on ethylene. When addition is in the 1,2-position, the effect of the 
second double bond in butadiene-1,3 is similar to that of an alkyl group 
on ethylene. When one mole of hydrogen is added to an unconjugated 
diene, AH is only slightly higher than that for the hydrogenation of 
propylene. 

In Table XXXVII, taken from Conant and Kistiakowsky, are given 
the heats of reaction and free energy changes accompanying so^e hydro- 

TABLE XXXVII 

Values op AF® for the Addition op One Mole op Hydrogen at4 298® K. 

FOR Some Unsaturated Hydrocarbons 

(Gaseous state) 


Compound 


Adden- 

dum 


Product 


298® K. 


MI 


-TAS^ 


Apo 


CHi==CHa 
CHaCH^CHa 
CH»CH==€HCH8 (cw) 

CHa CHa 

\ / 
c=c 

/ \ 

CHa CHa 

CeHaCH^CHa 
CHtf=CH— CH==CH2 

CH=CH— CH=CH 

I CHjCHi 1 

CH==CH— CH=CH 


-CHr- 


CH=CH— CH=CH 

I O 1 


CaHa 


Ha 

Ha 

Ha 


Ha 

Ha 

Ha 

Ha 

Ha 

Ha 

Ha 


CaHa 

CHaCHaCHa 

CHaCHaCHaCHa 


(CH8)3CHCH(CH3)8 


CeHftCHaCHa 
CH 3 CH==CHCHa (jtrans) 

CH=CH— CHa 

I I 

CHjCHiCH, 

CH=CH — CH a — CH a 


-CHr- 


CH a — CH a-~CH=CH 

I— O 1 


o. 


-32.6 

-29.9 

-28.2 


-26.4 

-28.3 

-29.2 

-26.5 

-23.7 

-11.4 

5.8 


8.2 

8.9 

8.9 


8.9 

8.9 

8.9 

8.8 

8.8 

8.9 

7.8 


-24.4 

- 21.0 

-19.4 


-17.5 

-19.5 

-20.3 

-17.7 

-14.8 

- 2.5 

13.6 


genation reactions. The free energies of the reactions determine if the 
reaction as written will proceed; if AF is about —4 kcal., the reaction 
goes 99 per cent to completion at equilibrium; if AF is +4 kcal., only 
I per cent of the product is formed. 
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With the exception of furan and benzene, all the unsaturated com- 
pounds given in Table XXXVII hydrogenate completely. The first 
double bond of benzene does not hydrogenate completely under normal 
conditions of temperature and pressure, since the equilibrium is very 
much in favor of the reactants; under the same conditions, the addition 
of hydrogen to cyclohexadiene can proceed to completion. Cyclohexa- 
diene cannot be obtained by the direct hydrogenation of benzene, since 
the conditions under which the first mole of hydrogen adds favor the 
complete addition of the second and third moles. Furan behaves like 
benzene. 

It is possible to calculate the thermodynamic properties of simple 
compounds from spectroscopic data. Such calculations have been made 
for some organic compounds, and the results agree with those obtained 
by means of direct thermochemical measurements. Examples of such 
calculations for methane derivatives are given by Stevenson and 
Beach, and for hydrocarbons by Pitzer and Aston.^®® From such 
derived data, equilibrium constants for reactions involving hydrocar- 
bons, c.g., splitting or cracking reactions, can be computed; such com- 
putations are of value, inasmuch as the direct measurements of gaseous 
equilibria involving mixtures of hydrocarbons are extremely difficult. 
Examples of constants so calculated by Pitzer are given in Table 
XXXVIII. 

TABLE XXXVIII 

Equilibrium Constants for Hydrocarbon Reactions 


Reaction 

Km 

Xeoo 

Xiooo 

w-C4Hio isO“C4Hio • 

2.5 


0.7 

0.4 

CaHg - CsHe -f Ha 

1.3 

X 10-‘* 

1.7 X 10-* 

5 

CaHs - CH 4 + C 2 H 4 

7 

X 10-» 

1.0 

6 X 10* 

n-CnHan + 2 “ C 2 H 4 + n^Cn - 2 H 2 n — 2 
(n>7) 

3 

X 10-“ 

0.09 

170 

(CH 8 ) 8 CCH 2 CH(CH 8)2 « WCVC 4 H 10 + 
i80-C4H8 

9 

X 10-« 

7 

5 X 10* 

r^-CrHie » (CH3)2CHCH2CH2CH2CH3 

7 


1.6 

1.0 

W-C 7 H 16 « (CH3)3CCH2CH2CH3 

29 


0.7 

0.2 

n-CrHie « (C 2 H 6 ) 3 CH 

1.1 


0.4 

0.3 

rt-CrHio » (CH3)8CCH(CH3)2 

10 


0.4 

0.1 


Calculations of thermodynamic quantities from spectroscopic data 
have recently afforded a measure of the potential energy hindering free 
rotation in single C — C bonds. The results for a number of compounds, 
as summarized by Aston, are given in Table XXXIX. 

**• Stevmson and Beach, J. Chem. Phy$., 6 , 26, 108, 341 (1038). 

Pitaer, ibid., 6 , 460 (1037). 
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TABLE XXXIX 

Potentials Hindebinq Internal Rotation in Certain Compounds as 
Ascertained prom Low-Temperature Thermal Data 



Potentials 


Potential 

Compound 

calories 

Compound 

calories 

Methyl alcohol 

6400 

Ethyl alcohol 

3000 

Tetramethylmethane 

4500 

Isopropyl alcohol 

3400 

Ethane 

3150 


6000 

Methylamine 

3000 

Acetone 

1000 

Propane 

3300 

Dimethylamine 

Dimethylacetylene 

,3460 

1 0 


Acknowledgment: Part of the material in this chapter 'ipas taken 
from the corresponding chapter of the first edition of this work. The 
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INTRODUCTION 

It is pointed out elsewhere (p. 1072) by Adkins that “there are few, 
if any, simple equilibria among organic reactions.” This unquestioned 
fact epitomizes the fundamental complexity of the usual organic chemi- 
cal processes, their irreversibility and confusion of side reactions: all, no 
doubt, a consequence of the fact that the bonds involved are as a rule 
largely covalent in type, and their dissociation tends to result in the 
formation of imstable, reactive radicals or molecular fragments. 

Despite this general rule, it has recently been found that there does 
exist a very simple type of organic equilibrium, which occurs in several 
different classes of compounds at least, and which is amenable to experi- 
mental study. The process leading to this equilibrium has been termed 
the “redistribution reaction.” Although only a limited amount of work 
has been done, the results are sufficient to point out unusual oppor- 
tunities for investigation of the behavior of the covalent bond and the 
mechanism of organic reactions in the liquid phase. 

METATHETICAL REACTIONS AND THEIR EQUILIBRIA 

In the organic field, there are a relatively small number of examples 
of equilibrium reactions of the general type symbolized by: 

AY ^BZ AZ-\-BY (1) 

These metathetical reactions are commonplace in inorganic chemistry, 
where ionizing solvents bring about the dissociation of electrovalent 
salts into their ions. For the covalent bonds in organic compounds, 
this does not take place so readily and the presence of an inorganic 
reagent or catalyst is usually required to open up the bond. In the 
esterification and neutralization of organic acids, which are perhaps the 
most familiar examples of the above type of metathesis in organic chem- 
istry, an ionic mechanism is also involved, but this is not necessarily so 
in other reactions. 

The metathesis is possible only when the components, A, B, Y, and 
Z, if not atoms, are radicals which retain their structure and identity, 
after recombination. In this respect, the metathetical reactions differ 
basically from intramolecular rearrangements such as tautomerism, 
racemization, and ci8->trans isomerization. Such rearrangements involve 
a more profound change in the molecular architecture since two sepa- 
rate chemical bonds in each molecule are simultaneously involved in 
the rearrangement. 
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Also, the Ay Y, and Z components, if not ionized, at least retain 
sufficient polarity during the interchange to prevent the formation of 
the possible AA, AB, BB, YYy YZ, and ZZ compounds; that is, there 
is little or no side reaction. 

As a result, under favorable reaction conditions (including if neces- 
sary the presence of a catalyst) an equilibrium can be reached, as indi- 
cated in equation 1. Often, the equUibrium is so far to one side as to 
be entirely unobserved in practice, but there remain a number of them 
which can be measured, and established by an approach from both 
sides. In most of these, the equilibrium position lies on one sijie or the 
other of that ''mid-point’’ at which both the forward and thb reverse 
reactions have the same unit velocity. Finally, in most of \ the few 
remaining instances where the equilibrium (at some particular tem- 
perature) is just at this mid-point, it is known that a chang^ in the 
temperature will displace it in one direction or the other. As a general 
rule, the numerical value of the equilibrium constant and its tempera- 
ture coefficient cannot be predicted, even from thermodynamic data, 
with any degree of assurance, if at all. 

In most of the familiar metatheaes, two different pairs of atoms are 
present in the bonds involved — in esterifications, for example, C — O 
and 0 — bonds are formed and broken — and this facilitates the dis- 
placement of the equilibrium in one direction. On the other hand, when 
all the bonds broken are between the same atom pairs, the difference 
between the radicals A and JB, and between Y and Z, is not manifested 
directly at the site of the bonds, and can influence the bonds only by 
causing an electron displacement in the bonding atom or by a steric 
effect. Under these circumstances there is less tendency for the equilib- 
rium to be displaced far to one side or the other. 


THE REDISTRIBUTION REACTION 

In a series of papers by the present writers and their co-workers ' it 
has been shown that there exist a number of liquid-phase equilibria of 
the above general type, which are free from disturbing side reactions, 
and which are distinctive in two respects: first, although the compounds 
involved may be wholly covalent in type, no ionizing solvent is required 
for reaction, although a catalyst is needed; second, the interchange 
takes place purely at random, and the composition of the product can 

' (a) Calingaert, Beatty, Soroos, et al.t J. Am. Ch^m. Soc., 61, 2748 (1939) ; (6) t6wi., 
61 , 2755 (1939); (c) tWd., 61 , 2758 (1939); (d) ibid., 61 . 3300 (1939); («) ibid., 62 , 1099 
(1940); (/) ibid., 62 , 1104 (1940); ig) ibid., 62 , 1107 (1940); {h) ibid., 62 , 1542 (1940); 
(i) ibid., 62 , 1545 (1940); (J) ibid., 63 , 947 (1941). 
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be calculated in advance from the law of probability. This randomness 
implies that there are no directive effects of structure, or that the energy 
of each kind of bond involved is unaffected by the nature of the other 
bonds in the molecule. The opposing chemical forces are evenly bal- 
anced and the equilibriiun composition docs not change with temper- 
ature. This interchange process is the “redistribution reaction,” and 
the product is termed a “random equilibrium mixture.” 

The study of the reaction to date comprises but a few examples 
among esters and aliphatic halides, and a larger number in the field of 
organometallic compounds. It appears probable, however, that many 
more examples await discovery. The following sections first describe 
the reaction and its conditions; next, discuss the composition of the 
products obtained; and finally, indicate the probable mechanism 
involved. 

EXAMPLES OF THE REACTION 

Esters and Aliphatic Halides. If an cquimolecular mixture of ethyl 
acetate and methyl butjTate is heated, alone or with an inert, non- 
ionizing solvent, no reaction occurs; but, on the addition of a small 
amount of a catalyst such as aluminum ethylate, an interchange or 
redistribution of the acyl and alkoxy radicals takes place and leads to 
the equilibrium: “ 

MeCOOEt + PrCOOMe MeCOOMe + PrCOOEt (2) 

in which each of the four compounds is present in the same proportion, 
26 mole per cent. Here the two acyl radicals, let us say, correspond to 
A and B in the type equation 1, and the two alkoxy radicals correspond 
to Y and Z; the bonds broken and formed are all carbon-oxygen. The 
forward and reverse reactions are evenly balanced and the two pairs 
of esters on either side have the same probability of existence in their 
mixture; that is, the radicals are distributed at random. 

A similarly catalyzed redistribution takes place between furfuryl 
acetate and ethyl furoate, and also between dimethyl oxalate and dibutyl 
oxalate.” The latter can also be written in conformity with the type 
equation 1, as follows: 

MeO(CO COOMe) -l-BuO(CO COOBu) ^ 

MeO(CO • COOBu) + BuO(CO • COOMe) (3) 

In this example the type AZ and BY compounds on the right-hand side 
of the equation happen to be identical, but this does not affect the 
randomness of the interchange. Hence, starting with equimolecular 
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quantities of the two S 3 iinmetrical compounds, at equilibrium the mix- 
ture contains 26 mole per cent of each of these and 50 per cent of the 
methyl butyl oxalate. 

In the halide field, an analogous redistribution is shown in the reac- 
tion of ethylene dihalides, catalyzed by aluminum chloride. 

CICH2CH2CI + BrCHaCHzBr <=± 2ClCH2CH2Br ( 4 ) 

This reaction was observed by Dougherty who stated that it is revers- 
ible and that its product corresponds to “the laws of chance.” The 
significance and generality of this statement were appar^tly not 
appreciated by subsequent readers. It is evident that two ^mewhat 
different bon^, carbon-chlorine and carbon-bromine, are concerned 
here, but in the two different organic radicals, — CH2CHiCl and 
— CH2CH2Br, the carbon atoms at the site of the ruptured bpnd are 
so nearly in the same chemical or electronic state as to be prabtically 
equivalent, with the result that the equilibrium is not displaced, but 
remains random. At least, the difference, if any, in energy between 
the Cl — CH2CH2CI and Cl — CH2CH2Br tends is equal to the differ- 
ence between the Br — CH2CH2CI and Br — CH2CH2Br bonds. 

A redistribution also occurs between ethyl chloride and ethylene 
dibromide, or between ethyl bromide and ethylene dichloride.^^ 

EtCl + BrCH2CH2Br EtBr + ClCHzCHgBr ( 5 ) 

At the same time the ethylene halides interchange according to equa- 
tion 4 , so that the product contains each of the five possible different 
compoimds. 

Organometallic RnM Compounds. Dimethylmercury and diethyl- 
mercury are well-defined and stable chemical entities; when pure, they 
can be mixed without undergoing any transformation, but in the pres- 
ence of a suitable catalyst, such as methylmercury chloride, an inter- 
change of methyl and ethyl radicals takes place in accordance with 
the equation. 

Me2Hg4~ Et2Hg 2 MeEtHg ( 6 ) 

This equation also can be written to conform with the general type 
given above, thus: 

Me(HgMe) + Et(HgEt) Me(HgEt) + Et(HgMe) ( 7 ) 

Hence, starting with equimolecular quantities of dimethyl- and diethyl- 
mercury, at equilibrium the mixture is found to contain 25 mole per cent 
of each of these and 50 per cent of methylethylmercury; starting with 

> Doui^erty* Und., 51, 676 (1929). 
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pure methylethylmercury, the same equilibrium mixture is obtained. 
The latter reaction accounts for an observation made more than 80 years 
ago by Frankland,* who treated ethylmercury chloride with dimethylzmc 
and stated that: ‘Tt is probable that mercuric ethomethide was formed 
in the above reaction; but subsequent distillations gradually transformed 
it, more or less perfectly, into a mixture of mercuric methide and mer- 
curic ethide.^’ 

Similarly, if an equimolecular mixture of tetramethyllead and tetra- 
ethyllead is treated with triethyllead chloride or aluminum chloride as 
the catalyst, a redistribution reaction takes place, as indicated by 
equation 8, to yield all the five possible R4Pb compounds in the propor- 
tions given: 

8Me4Pb + 8Et4Pb 

lMe 4 Pb + 4Me3EtPb + CMeaEtsPb + 4MeEt3Pb + lEt 4 Pb (8) 
The result is, in effect, an equilibrium represented by the equation: 

Me(PbR) + Et(PbR0 ^ Me(PbR0 + Et(PbR) (9) 

where R and R' symbolize any two of the following four possible R3 
groups: Mea, Me2Et, MeEt2, and Eta. The numerical values of the 
concentrations of the five components in the product correspond to the 
law of probability, as will be explained below. In this example, the 
same product will be obtained by starting with dimethyldiethyllead 
alone, or with an equimolecular mixture of trimethylcthyllead and 
methyltriethyllead, or with any other mixture containing altogether 
equal proportions of methyl and ethyl radicals. 

Likewise, a mixture of tetramethyl-, tetraethyl-, and tetrarw-propyl- 
lead yields at equilibriiun a product containing the fifteen possible R^Pb 
compounds in proportions corresponding to a random distribution of 
the three radicals,^* Other examples of this reaction of RM compounds 
have been given where the reactants are two or more different radicals, 
including methyl, ethyl, n-propyl, isopropyl, isobutyl, teri.-butyl, phenyl, 
and p-tolyl, bound to one or more metals, including lead, tin, silicon, 
and mercury.^**’ « Also, a high-temperature uncatalyzed interchange of 
radicals has been observed for a mixture of triphenyl- and tri-a-naph- 
thylbismuth compounds.* As for zinc alkyls, although a mixture of 
dimethyl- and diethylzinc fails to show an appreciable amount of re- 
distribution,^^ the RR'Zn compounds are known to rearrange on heating 
to give a mixture of RaZn and R'2Zn.® 

•Frankland, Ann., 111. 50 (1850). 

* Challenger and Bidgway. J. Chem. Soc., 121. 104 (1022), 

* Krause and Fromm, Ber. 59, 031 (1026). 
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Whenever compounds of two different metals react under similar 
conditions, as a rule they also react with one another, again yielding all 
the possible compounds of both metals. For example, when a mixture 
of tetramethyllead and diethylmercury reacts in the presence of an 
aluminum chloride catalyst, there is an interchange of the alkyl radicals 
between the two metals,^*- ^ which can be represented as follows: 

MeCPbRa) + Et(HgR) Me(HgR) + Et(PbRs) (10) 

At the same time there is a redistribution of the radicals between the 
R2Hg compounds (equation 6) and between the R4Pb compounds (equa- 
tion 8) giving two independent random equilibrium mixtures containing 
all eight possible compounds. However, in the transfer of the radicals 
from one metal to the other (equation 10), the PbRa and HgR |a:oups, 
corresponding to Y and Z in the type equation 1, are sufficiently \ unlike 
to cause the equilibrium to be displaced to the right, as indicated by 
the arrows. In other words, the difference in energy between the 
Me — ^HgR and Me — PbRa bonds is not equal to that between the 
Et — ^HgR and Et — PbRa bonds; instead the mercury shows a greater 
relative affinity than lead for methyl as compared with ethyl radicals. 

The above interchange, therefore, is not strictly speaking a redistri- 
bution reaction, although it is in many respects similar, and may be 
regarded as a borderline case. On the basis of the law of mass action, 
the displacement of the equilibrium can be expressed by an equilibrium 
or ^‘relative affinity” constant, K, whose value Ls given by iv = 

where the brackets denote the proportions of the 

[Et— Hg] [Me— Pb] ' 

four different R — M bonds in the total product. This constant has to 
be experimentally determined on one occasion, after which its use 
enables the prediction of the equilibrium composition of any other sys- 
tem made up of the same two metals and radicals in other proportions. 
For the above example, tests made with several different mixtures have 
shown that X = 4, approximately. 

In like manner, a mixture of tetraethyllead and tetramethyltin 
yields a product containing each of the ten possible R4M compounds.^® 
Organometallic Halides. A similar redistribution of alkyl radicals 
takes place in the RaPbX compounds (X is a chlorine or bromine atom), 
and the reaction is spontaneous, since the reactants serve as their own 
catalyst. Thus, a mixture of trimethyl- and triethyllead chlorides, or 
the single compound, dimethylethyllead chloride, spontaneously reacts 
to yield the four possible RaPbCl compounds in a random equilibrium 
mixture.'^ 
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It follows that if, for example, tetramethyllead is treated with a 
triethyllead halide, there results an equilibrium mixture containing all 
the possible five R4Pb and four RsPbX compounds: ^ 

MeCPbRa) + Et(PbR»X) EtCPbRj) + Me(PbR*X) (11) 

Also, the fact that trialkyllead chlorides act as catalysts here suggests 
the possibility of spontaneous interchange of the chlorine atom with the 
alkyl radicals from R4Pb. The simplest possible reaction of this kind, 
where all the R radicals are identical, has been demonstrated by using 
radioactive lead (Pb*) as the tracer.^** 

Et4Pb* + EtsPbCl ^ EtsPb^Cl + Et^Pb (12) 

At the same time, there is very little formation of R2PbX2 compounds 
in these reactions indicating that the equilibrium 

2R»PbX *-=± lUPb + RiPbX* (13) 

is not a random distribution, but tends to go far to the left. At ele- 
vated temperatures, however, this equilibrium is displaced by the irre- 
versible decomposition: 

RgPbX2 R2 + PbX2 (14) 

These reactions explain the apparent instability of the RsPbX com- 
pounds. This, instability and the spontaneous redistribution of the 
R2RTbX types account for the observation of GrUttner and Krause « 
that, in the preparation of R2R^R*^Pb compounds from R2R^PbX by 
the Grignard reaction, the halides should used only when freshly 
prepared, as storage for any length of time leads to low yields and an 
impure product. The low sdelds are a result of the disappearance of 
part of the R2RTbX (equations 13 and 14), while the impurities are 
other ItePb compounds derived from the various RaPbX salts which 
were formed in the redistribution (equation 11). Similarly, in the S 3 m- 
thesis of certain RaR'Pb compounds from the Grignard reaction on 
RsPbX, some R^Pb and R2R'2Pb compounds are formed.’ 

OthM Equilibria. In addition to the evenly balanced or random 
equilibria noted above, there are of course a number of reactions of 
somewhat aiTnilnr types in which the equilibrium is usua l ly displaced 

* Qrattner and Krauw, Ber., 60, 202 (1017). 

^ Calingaert aod SorooB, J. Org, 2 , 636 (1038). 
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more or leas to one side. By definition, these do not fall wil^iin the 
scope of this chapter. The following are examples: 

RjM + MX, 2RMX (M = Mg, Zn, or Hg) * 

RK + RTi ?=i: RH + R'K (R,R' = aryl) • 

MeCOOR + R'OH ^ MeCOOR' + ROH “ 

It may be noted that in the last of these, the alcoholysis of esters, there 
are a number of examples having equilibrium constants very. close to 
unity, which may therefore be considered to be true redismbution 
reactions. \ 

Reaction Conditions. The reactions have been carried out in the 
liquid phase at temperatures from 20® to 180® for five hours pr less. 
To obtain the desired temperature, and at the same time to provide 
stirring and exclude air, it is convenient to add 50 ml. of an inert sol- 
vent such as hexane or decalin to 0.3 mole of the compounds, and to 
refiux the mixture. A change in temperature has a marked effect on 
the reaction velocity, as might be expected, whereas the presence of an 
inert solvent does not; neither variable has any observable influence on 
the composition of the completely reacted product. 

In the absence of a catalyst no reaction whatever is detected, except 
at a high temperature for RM compounds where the R’s are aryl groups. 
In general, the catalysts for organometallic compormds are organo- 
metallic halides, RMX, and contain, in a polar state, the radicals or 
atoms to be interchanged, or else (like aluminum chloride) the catalysts 
react with the substrates present to yield such RMX compounds. For 
the esters, the only c^lyst which has been used is aluminum ethoxide, 
and for the aliphatic Glides, aluminum chloride. Doubtless numerous 
other compounds would also be effective. 

For the organometallic redistributions as well, aluminum chloride 
has generally been used, but a number of other agents have been tested 
in the Me 4 Pb — ^Et 4 Pb reaction, and a catalytic effect is also shown, for 
example, by the chlorides of zinc, mercury, zirconium, tin, phosphorus, 
arsenic, bismuthj iron, and platinum, and by zinc and boron fluorides. 
The activity of these different catalysts varies greatly.** As little as 
0.5 per cent dimethylaluminum chloride effects complete redistribution 
of ^Pb in one-half hour at 25®, whereas the trialkyUead halides are 

* Qilnum, Thii Treatiae, pp. 4B7, S47, 651. 

* Coaant and Whdand, J. Am. Chem. 8oe., 64, 1212 (1932). 

u Feblandt and AdJdna, itnd., 67, 193 (193Q ; Hatch and Adldna, iUd., 66, 1094 (1937). 
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relatively weak catalysts, from 5 to 10 per cent being required to bring 
about complete reaction in five hours at 80®. 

For the redistribution between tetramethyllead and tetraethyllead, 
the reaction is strictly quantitative,^* apart from a small amount of 
irreversible side reaction with the catalyst. Using one mole per cent 
of aluminum chloride as the catalyst, it is found that 1.5 per cent of the 
R 4 Pb reacts to yield RsPbCl and, in small part, PbCl 2 ; if as much 
as 5 per cent dimethylaluminum chloride is used as the catalyst, only 
0.2 per cent of the lead is converted to chlorides. In neither case is there 
any decomposition, evolution of gas, or precipitation of metallic lead. 
With less stable compounds such as the tertAmtyl R 4 Pb, some decom- 
position may occur. 

COMPOSITION OF RANDOM EQUILIBRIUM MIXTURES 

Use of Law of Probability. In the type equation 1, if the distribu- 
tion is purely random this result can be expressed by a conventional 
equilibrium constant equal to unity. Likewise the first of the examples 
given (equation 2) where four different esters are involved has a con- 
stant of 1. If equations 4 and 6, for the ethylene dihalide and R 2 Hg 
reactions, were written in the form of equations 3 or 7, where an artificial 
distinction is made between the two identical molecules on the right- 
hand side, then their constant would likewise be equal to 1; in their 
present form, however, the constant is equal to 4. In reactions involving 
groups of higher valence, this conventional method of expressing the 
composition of the reaction product is not too satisfactory since a single 
equilibrium constant is insufficient. For example, in equation 9 for 
R^Pb compounds the equilibrium has to be broken up into three dif- 
ferent parts with separate constants for each. Equation 5 for ethyl 
halides with ethylene dihalides presents a similar difficulty. 

On the other hand, for the present redistribution reactions the single 
criterion of randomness of interchange permits a simple and direct ap- 
proach to the problem of representing and determining the equilibrium 
composition. All that is required is to express the randomness in terms 
of the law of probability, and to substitute in the resulting expression 
for the composition the appropriate numerical values for any given 
example. The expressions obtained^® reduce to rather simple forms 
for systems containing few constituents. For example, in the reaction 
given in equation 9, let [Me] = r, where [Me] is the mole fraction of 
methyl radicals in the total of methyl plus ethyl; then the composition 

Oilman and Api>er8on, /. Org, Ckem., 4 , 162 (1939). 
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of the random equilibrium mixture which results from the reaction of 
any initial mixture or compound is given, in mole fractions, by: 

[MciPb] = r* 

[MesEtPb] = 4r»(l - r) 

[Me 2 EtjPb] = 6r*(l - r)» 

[MeEtjPb] = 4r(l - r)» 

[Et«Pb] = (1 - r)* 

For example, if r = 0.5, corresponding to equal proportions of methyl 
and ethyl radicals, the composition will be that given in equWon 8. 
In general, from a knowledge of the composition of the original mixture, 
or from the over-all analysis of the product, the value of r is determined, 
and the expected concentrations in the final mixture can be calculated. 

Expeihnental Tests of Me 4 pb-Et 4 pb Systems. For the equilibrium 
which has been most carefully studied, that of the methyl and ethyl 
Il 4 Pb compounds, the experimental agreement with the probability law 
is within the experimental error of the analyses. For this system, the 
analytical procedure (a vacuum fractional distillation) was tested with 
two synthetic mixtures of the five compounds and showed an average 
error of 0.6 per cent, whereas the analyses of eight different equilibrimn 
mixtures, ranging from 20 per cent to 74 per cent methyl radicals, gave 
an average deviation of 0.5 per cent from the calculated composition.** 
As an illustration. Figs. 1 and 2 show the experimental distillation 
curves *“ of three different random equilibrium mixtures, in comparison 
with the values calculated from the law of probability. 

The equilibrium might be expected to be more exactly random for 
isolated molecules in the gas phase than for the liquid phase. How- 
ever, Allen has shown that the vapor-pressure correction relating the 
gas and liquid phase equilibria is negligibly small for a series of homolo- 
gous compounds such as the present R 4 Pb system. 

Predicted Results. Equilibrium constants for unmeasured reactions 
can sometimes be determined by calculation from known equilibria for 
an appropriate series of reactions connecting the various components of 
the given system. The present redistribution reactions provide values 
which may prove to be useful for this purpose. Conversely, it may 
become possible to predict other redistribution reactions. Thus, for 
equation 2 involving the methyl and ethyl acetates and butyrates, as 
pointed out by Stiehler and Gresham,** the combination of the four 

A. O. Allen, private communication. 

Stiehler and Grediam, J. Am, Chem, Soc,, 62, 2244 (1940). 
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appropriate esterification constants of the corresponding acids would 
give an equilibrium constant for the redistribution, and only if it were 
equal to unity would the redistribution be truly random. Practically, 
it is questionable whether, even in this favorable example, the constants 


EtiPb 

MeEtsPb 

NleaEtaPb ‘ 

MesEtPb ' 

MciPb 



Fig. 1. — Distillation of equilibrium mixtures where [Me] = 0.5. 


Et4Fb — Pr 
MeEtaPb — ► 

MejEt aPb — ► 

Me»EtPb — 


MoiPb > ' 



Fio. 2. — Distillation of equilibrium mixtures. 
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are known accurately enough to permit a calculation which is as reliable 
as the result furnished by the direct experiment and anal3rsis of the 
product. 

It is also possible to attempt a prediction of the equilibria based on 
molecular data. For such reactions as the interchange of the methyl 
and ethyl R4Pb compounds where the bonds broken and formed are 
nearly identical, it may perhaps be legitimate to assume in advance that 
AH is practically zero; * if so, the equilibrium composition is determined 
solely by the change in entropy, AS®. On this basis, for examples of 
the present R4M type. Steam has calculated from statistical iciechanics 
that the steric effects involved in the interchange can make no more 
than an experimentally inappreciable contribution to AS®, so that the 
value of AS® is essentially merely that of the entropy of random distri- 
bution of the radicals. i 

\ 

MECHANISM AND ETNETICS 

A mechanism involving ions or free atoms or free radicals is im- 
hkely, although it must be admitted that but little is known regarding 
the chemical properties of these reactive intermediates in the liquid phase 
or of reaction mechanisms involving them.“ The heavier radicals, such 
as phenyl or RaPb, may be sufficiently stable imder the conditions of 
reaction to permit direct interchange, and this would account for the 
non-catalyzed redistribution of tetraphenyl- and tetra-p-tolyllead, or of 
triphenyl- and tri-a-naphthylbismuth. However, it is to be expected 
that the lighter methyl and ethyl radicals, if liberated, would imdergo 
secondary reactions, such as combination and disproportionation, which 
are completely absent in the redistribution reaction. In this connec- 
tion, it is of interest to note that when a mixture of hexamethyldilead 
and hexaethyldilead, without added catalyst, is decomposed thermally 
in quantitative accord with the equation 2RePb2 — ♦ SlUPb + Pb, the 
product cont ains all five possible B^Pb compounds.** Also, it is signifi- 
cant that in the redistributions of R4Pb mixtures containing on the one 
hand methyl and ?i-propyl radicals, and on the other, methyl and iso- 
propyl radicals, there is no isomerization of the propyl groups in either 
reaction.*® 

A clue to the mechanism lies in the fact that the catalyst is always 
a compound of a type which is known to be capable of reversible ex- 

* See, however, Johnson, This Treatise, p. 1893. 

Steam, J. Am. Chem. Soc., 62 , 1630 (1940). 

Brown, Kharasch, and Chao, ibid.^ 62, 3435 (1940). 

^ Calingaert, Soroos, and Shapiro, iXnd.t 64 , 462 (1942). 
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change of radicals or atoms with the materials undergoing redistribu- 
tion, or which will form such a compound in the reaction mixture. For 
example, the following reactions have been established, the redistribu- 
tion catalyst being underlined in each case: 

AlCls + R4Pb ;p± RAICI 2 + RaPbCl, 

RAICI 2 + R4Pb R 2 AICI + RaPbCl “ 

AlCla + 3RBr 4=± AlBig + 3RC1 
RaPbCl + R 4 Pb* RgPb^Cl + R 4 Pb (equation 12) 

A1(0R)3 + 3MeCOOR' Al(OR ')3 + 3MeCOOR« 

This suggests that the mechanism of the redistribution reaction may 
be the reversible formation of a loose complex between a molecule of 
the catalyst and one or more molecules of the compounds to be redis- 
tributed. When the complex breaks up, each molecule is re-formed 
with its proper complement of groups taken at random from the com- 
mon supply in the complex, and the final result of the repetition of 
this process is an equilibrium corresponding to complete random redis- 
tribution. The information obtained so far on the redistribution re- 
action is in accord with such a mechanism, but does not yet include 
data which confirm its correctness. Further insight can be obtained 
from properly designed kinetic studies, where the reaction is stopped 
before reaching equilibrium and the products are analyzed. 

For example, in the redistribution of R 4 pb compounds, it is possible 
that the alkyl .radicals are interchanged either one at a time or in pairs. 
In either event, the final equilibrium will be the same, but during the 
reaction the change of composition as a function of time will be notice- 
ably different. 

In impublished work in the writers^ laboratory, the differential equa- 
tions have been set up and integrated to give the composition, as a 
function of time, resulting from the interchange of radicals one at a 
time, for any initial concentration of one or more of the five R4M com- 
pounds where there is one M group with two kinds of R’s. To take a 
simple example, if the initial composition is an equimolecular mixture 
of tetramethyl- and tetraethyllead, the equations reduce to: 

[Me4Pb] - [Et4Pb] - Ml + 

[MesEtPb] * [MeEtjPb] = {{I - 

[Me2Et2Pb] « 1(1 - + O 

Pouret, Bull. toe. diim., [3] S6, 295 (1901). 

»* Baker, /. Am. Churn. Soe., 60, 2673 (1938). 
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Here, the unit of time, t, is numerically indeterminate, being simply 
the time required for an average of one random interchange of a radical 
for each single R4M molecule present. When these three equations are 
plotted, as in Fig. 3 , it is seen how the composition progresses toward 
equilibrium, and it is evident that the determination of the concentra- 
tion of any one of the five components at some particular time defines 



Fia. 3. — ^Approach to equilibrium. 


the composition of the whole mixture, provided that the reaction fol- 
lows the postulated mechanism. In other words, the reaction serves as 
its own clock or time-measuring device. This means that the reaction 
velocity not only does not have to be measured in the usual way but 
also does not even have to be held constant. Thus, for example, a 
change of activity of the catal3rst during the reaction is of no concern. 
Actually, in a number of such experiments which were made by inter- 
rupting the reactions at different times, the results of the analyses of 
the reaction mixtures failed to show reasonable agreement with these 
equations. Hence it is believed that the reaction mechanism is not 
confined to the simple interchan^ of one radical at a time. 



CHAPTER 25 


MODEBH ELECTRONIC CONCEPTS OF VALENCE 

John R. Johnson 

Comdl University 

CONTENTS 

PAOll 

Introduction 1822 

The Electronic Configuration of Atoms 1824 

Ionic and Covalent Bonds 1825 

Co6rdinate Bonds 1827 

Rule of Covalence Maxima 1829 

Electroaffinity of Hydrogen 1830 

Resonance 1831 

Electronic Configurations of Organic Molecules 1832 

Derivation of Electronic Formulas 1832 

Electronic Symbols 1834 

Ionic Links 1834 

Expanded Valence Shells 1837 

N 

Classification op Electron Displacements 1840 

General Inductive Effects 1842 

Electromeric Effects 1846 

Mesomelic Polarization 1847 

Inductomeric Polarizability 1849 

Polar Characteristics of Covalent Bonds 1850 

Residual Charges 1850 

Bond Energies 1852 

The Electronegativity Scale 1854 

Bond Polarizabilities 1856 

Classification of Chemical Reactivities 1858 

Acids and Bases 1858 

Oxidation and Reduction 1858 

Cationoid and Anionoid Activity 1869 

Electrophiles and Nucleophiles 1859 

Formulation of Reaction Mechanisms 1860 

Classification of Reactions 1862 

Radical Reactions 1863 

Simple Ionic Reactions 1864 

Pseudo-Ionic Reactions 1865 


1821 



1822 ORGANIC CHEMISTRY 

PAGB 

lTB Rings 1868 

Type A 1871 

TypeB 1873 

TypeC 1876 

Polydentate Chelate Rings 1877 

Orientation Effects of Chelation 1878 

Chelation in Chemical Reactions 1879 

Electronic Characteristics op Typical Bonds 1883 

Unsymmetrical Single Bonds 1883 

Class 1 (Groups I, II, and III) , . . 1884 

Class 2 (Group IV) | . 1892 

Carbon-Carbon and Carbon-Hydrogen Bonds n • • 

Class 3 (Groups V, VI, and VII) \ . 1896 

Multiple Covalent Bonds . 1900 

POLTPUNCTIONAL ElBCTROMBRIC StSTBMS V • 1908 

Vinylogous Systems \ . 1909 

Hetero-Enoid Systems 1909 

Neutralized Systems ^ 1910 

1.2- Dienoid Systems 1911 

1.3- Dienoid and Polyenoid Systems 1914 

a,/3-Unsaturated Carbonyl Systems and Related Types 1919 

Quinonoid Systems 1922 

Peroxidic Systems , . 1924 

Free Radicals 1928 

'^AXJTOMERISM 1934 

Dyad Systems 1936 

Triad Systems 1937 

Pentad Systems 1940 

General References 1941 


INTRODUCTION 

The evolution of valence theories in organic chemistry has been ac- 
companied by the introduction of characteristic symbols that have been 
applied with considerable success in the interpretation of structural 
phenomena and uf organic chemical reactiops. The notion of integral 
valence bonds and the genesis of structural formulas, together with the 
recognition of a localized distribution of valence forces in space, has been 
sufficient to account in large measure for diverse types of isomerism and 
in general for the phenomena associated with organic molecules in an 
inactive or resting state. Efforts to account for dynamic effects in these 
systems have led to a resolution of integral valence bonds into more or 
less nebulous components through the assumption of partial valences^ 
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primary and secondary valences, and residual fractional polarities. The 
contribution of these postulates to the growth and general progress of 
organic chemistry cannot be denied, but efforts to attach a precise physi- 
cal significance to a valence unit or its hypothetical components had 
met with insuperable obstacles. 

The formulation by Lewis ^ of a more explicit electronic concept of 
valence and molecular structure has laid the foundation for advances in 
the direction of expressing chemical affinities in terms of more clearly 
defined atomic and molecular models. The older theories of organic 
chemistry and earlier electronic formulations of organic reactions * have 
taken on more definite form, and a large number of chemical phenomena 
are seen from a new point of view. 

The introduction of the electronic theory and its application to prob- 
lems of molecular constitution were advanced by the contributions of 
Langmuir,* and in the period since 1920 a steady development and 
elaboration of the fundamental principles of the theory have taken*place. 
Progress in the field of inorganic chemistry has been more rapid than 
in the organic domain, and many of the important generalizations and 
correlations have come from studies of the simpler inorganic molecules. 

It is evident, however, that the electronic theory must be applicable 
to chemistry as a whole. A strong impetus to its general acceptance 
and development was given by Sidgwick,^** who showed that the under- 
lying principles of the theory and the contributions of modem develop- 
ments in atomic physics may be used with remarkable success in inter- 
preting the varied chemical behavior of covalent molecules and iordzed 
salts and in elucidating the chemical relations of the elements in the 
periodic table. 

The general application of modem electronic concepts to organic 
chemical reactions is due largely to Robinson ® and Ingold, and their 
collaborators. This subject has been developed extensively during the 

^ Lewis, J. Am, Chem, Soc., 38, 762 (1916) ; “Valence and the Stracture of Atoms and 
Molecxiles,'* Chemical Catalog Co., New York (1923); see, also, Chem, Rev., 1, 231 
(1926) ; J. Chem. Phys., 1, 17 (1933). 

* Fry, “The Electronic Conception of Valence and the Constitution of Benzene,** 
Longmans, Green and Co., New York (1921). This monograph contains a review of the 
early applications of electronic concepts to chemical reactions. 

* Langmuir, J, Am. Chem. Soc,, 41, 868, 1543 (1919) ; 48, 274 (1920) ; Ind. Eng. Chem., 
It, 386 (1920). 

^Sid^ick, “The Electronic Theory of Valency,** Oxford University Press, Oxford 
(1929). 

*Sidgwick, “The Covalent Link in Chemistry,** Cornell University Press, Ithaca, 
N. Y. (1933) ; see, also, Ann. Repte, Chem, Sac. {London), 30, 110 (1938) ; 31, 37 (1934). 

* Robinson, “Outline of an Electrochemical (Electronic) Theory of the Course of 
Organic Reactions,** Institute of Chemistiy of Great Britain and Ireland, London (1932). 

» Ingold, J. Chem. Soc., 1120 (1933) ; Chem. Bee., 16, 225 (1934). 
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past decade but is not yet beyond the state of a roughly qualitative 
solution of the varied and complex problems of organic chemistry. A 
good deal of progress has been made by way of adaptation and refine- 
ment of the earlier views, and further advances are forthcoming es- 
pecially in the quantitative aspects of the subject. 

From the mathematical and physical side, problems of atomic and 
molecular structure have been approached through the development 
and elaboration of the theory of quantum mechanics.® This has led 
to the notion of quantum-mechanical resonance (p. 1943) — ^resonance 
of a molecule among several valence bond structures — which /has been 
applied extensively to organic molecules by Pauling.® ! 

The Electronic Configuration of Atoms. The atom is pictured as 
made up of a dense nucleus and a complement of electrons. The nucleus 
bears a net positive charge equal to the atomic number of the\element 
and is surrounded by a quantity of electrons sufficient to neutr^ize the 
nuclear charge. In the classical theory of Bohr the electrons are con- 
sidered to revolve about the nucleus in concentric orbits or shells (quan- 
tum groups).* On the basis of physical investigations Bohr grouped 
atoms into four classes: (I) those in which all the shells contain their 
full complement of electrons (the inert gases); (II) those in which all 
but the highest quantum group (outermost shell) is complete; (III) 
those in which the two outermost electronic groups are incomplete (the 
transitional elements) ; (IV) those in which the three outermost electronic 
groups are incomplete (the rare-earth elements). 

The chemical properties of an atom are determined essentially by 
the electrons in the outermost shell, designated as valence electrons, 
which for a free atom never exceed eight in number. The underlying 
shells and the nucleus constitute the kernel, or effective nucleus, of the 
atom, which remains unaltered in all ordinary chemical changes. In 
hydrogen the kernel is a proton and has a unit positive charge; in the 
elements of the first short period, from lithium to fluorine, the kernel 
includes two planetary electrons (the helium pair) and consequently has 
a net positive charge, called the effective nuclear charge, of two less 
than the atomic number. In the elements of the second short period, 
from sodium to chlorine, the kernel includes ten planetary electrons in 
two shells (the helium pair plus an octet), and the effective nuclear 
charge is ten less than the atomic number. The atoms most frequently 

* Pauling and Wilson, Introduction to Quantum Mechanics, with Applications to 
Chemistry," McGraw-Hill Book Co., New York (1935). 

* Pauling, "The Nature of the Chemical Bond," Cornell University Press, Ithaca, 
N. Y. (1939). 

*For the quantum-mechanical treatment of the motion of electrons by means of 
orbital wave functions, see Chapter 26, p. 1952 ff . 
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encountered in organic compounds are included in these two periods, 
in which the number of valence electrons (and the effective nuclear 
charge) increases regularly from one to seven and corresponds to the 
group of the element in the periodic table. 


TABLE I 


OuTEBMosT Shells of Typical Elements 
Number of electrons 1 2 


Hydrogen period 

H 

He 

First short period 

U 

Be 

Second short period 

Na 

Mg 

First long period 

K 

Ca 

Second long period 

Rb 

Sr 

Third long period 

Cs 

Ba 


3 

4 

5 

6 

7 

8 

B 

C 

N 

0 

F 

Ne 

A1 

Si 

P 

S 

Cl 

A 

Ga 

Ge 

Xs 

Se 

Br 

Kr 

In 

Sn 

Sb 

Te 

I 

Xe 

T1 

Pb 

Bi 

Po 




TABLE II 

Electronic Configurations of the Inert Gases 


Atom and 
Atomic Number 


Electrons in Quantum Groups 
1st 2nd 3rd 4th 5th 6th 


Helium (2) 
Neon (10) 
Argon (18) 
Krypton (36) 
Xenon (54) 
Radon (86) 


2 

2 4-8 
2 + 8 48 
2 4 8 4 18 4 8 
248 + 18 4 18 4 8 
2 4 8 4 18 4 32 4 18 4 8 


The extraordinary inactivity of the inert gases leads naturally to 
the fundamental postulate that the electronic configurations of these 
atoms represent the highest degree of symmetry and stability. Helium 
is characterized by a group of two electrons in the outermost shell, and 
the inert gases of higher atomic number by an outer shell of eight elec- 
trons. The systems of other atoms have a strong tendency either to 
give up electrons or take on additional electrons, in such a way as to 
approach the stable configuration of an inert gas. The tendency of 
electrons to form pairs (rule of two) and groups of eight (octets) is a 
basic principle of the theory of chemical combination. In general, the 
atoms with an effective nuclear charge of one or two tend to give up 
electrons (electropositive atoms), and those with a charge greater than 
two tend to acquire electrons and build up octets (electronegative 
atoms). 

Ionic and Covalent Bonds, The union of atoms in a molecule may 
be effected through two different kinds of interatomic forces, electro- 
valence or covalence. An electrovalent or ionic bond is formed by the 
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complete transfer of an electron from one atom to another, and the 
binding force is due essentially to electrostatic attraction between the 

TABLE in 

Bohb’s Classification of thb Elements 



(^^KMsitely charged ions. The cation and anion can each be asogned a 
definite electronic structure essentially independent of the presence of 
the otber, and this characteristic structure is retained as the ions ap- 
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proach one another to form a stable crystal. Thus, a crystal of sodium 
chloride is not made up of discrete molecules of NaCl but is an aggre- 
gate of sodium cations and chloride anions, in equal numbers, arranged 
so that each ion is equidistant from six neighboring ions of opposite 
charge. 

In a covalent bond the atoms are held together by a pair of electrons 
which is shared by the two atoms and is considered to be effective in 
completing a stable electronic configuration for the valence shell of each 
atom. This type of bonding gives rise to discrete molecules having rela- 
tively weak external electrical fields. The forces of attraction between 
the distinct molecules (van der Waals’ forces) arc very weak in compari- 
son with the Coulomb attraction of ions, and the distances between the 
atoms A and B belonging to different molecules are considerably greater 
than the interatomic distance within the discrete molecules A-jB. More- 
over, the binding force arising from a shared electron pair is localized 
and exerted in a definite direction about the atom, giving rise “under 
appropriate conditions to stereochemical phenomena, whereas the elec- 
trostatic attraction of a free ion has no definite direction in space and 
extends to all ions of opposite sign in its neighborhood. 

Sugden has developed a theory based upon the hypothesis that 
atoms may be held together in stable combinations by the formation 
of a covalent bond in which only one electron is shared by the atomic 
nuclei, and he has used this assumption to formulate the electronic con- 
figurations of a number of inorganic molecules (SFe, PFs, etc.). There 
is evidence that hydrogen may form a one-electron covalent bond in the 
unstable hydrogen molecule-ion [H 2 ]'*’, and in the boron hydrides, but 
it appears on physical grounds that covalent bonds of only one electron 
or of three shared electrons may be expected to occur only exceptionally 
(NO, NO 2 , O 2 , CIO 2 , etc.)^^ There is certainly no justification for an 
assumption that covalent bonds of one or three electrons are present in 
stable organic molecules. 

Codrdmate Bonds. Covalent bonds may be considered to arise in 
two ways: each atom may contribute one electron of the binding pair 
(normal covalent link), or one of the two atoms may furnish both elec- 
trons (coordinate link). A bond of the second type is sometimes called 
a semi-ionic (semi-polar) or dative double bond. The coordination 
process involves the union of a donor atom possessing an unshared pair 
of electrons in its valence shell and an acceptor atom which is capable of 
holding two additional electrons. Typical donor atoms include 3-co- 

Sugden, “The Parachor and Valency,” Routledge and Sons. London (1930) ; see, 
also, CThapter 23, p. 1744. 

« Pauling, /. Am. Chm. Soc., 63, 3226 (1931) ; see, also, Chapter 26, p. I960. 
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valent nitrogen in ammonia and amines, 2-covalent oxygen and sulfur, 
and 1-covalent iodine; examples of acceptor atoms include hydrogen 
cations (protons), 2-covalent magnesium and zinc in their alkyl deriva- 
tives, and 3-covalent boron in its alkyl derivatives and halides. 

The union of triethylamine or diethyl ether with boron trifluoride 
serves to illustrate the formation of a coordinate link. Owing to the 
fact that nitrogen has five valence electrons it can complete its octet 
by forming three normal covalent bonds; the resulting 3-covalent nitro- 
gen atom possesses two unshared valence electrons and can act as a 
donor. Boron has three valence electrons and can acquire but three 
more by the formation of normal covalent bonds, achieving a total of 
only six valence electrons. By virtue of the general tendency of a 
valence sextet to pass into the stable electronic configuration of an 
octet, 3-covalent boron can acquire two additional electrons and can 
act as an acceptor. In forming the compound RaN-BFa, the Wtet of 
boron is completed by the previously unshared electron pair of the 
nitrogen. 

Et F Et F 

Et:N: + B:F Et:N:B:F (white^n^tamn|Boiid> 

•• •••• 

Et F Et F 

F F 

Et:o: + B;F Et:*6:B:F 
Et F Et F 


As a result of the coordination process, the acceptor atom obtains a 
share in two more electrons and its residual positive charge is decreased, 
while that of the donor atom is increased a corresponding amount. It 
is convenient to indicate the state of electrification in the resulting co- 
ordinate bond by assigning formal charges to the atoms, on the assump- 
tion (as a first approximation) that the electrons of the covalent bonds 
are divided equally between the bonded atoms. In the compound 
B3N-BF3 this calculation (see page 1833) ^ves a formal charge of +1 
for the nitrogen atom and — 1 for the boron atom. A cobrdinate link 
may thus be regarded as a double bond made up of one ionic bond of 
imit strength and one covalent bond, or as an intramolecular ion-pair 
(awitterion).** 

In general the formal charges do not represent the actual distribu- 
tion of electrical charges among the atoms in a molecule or polyatomic 
ion, once the formal charge will be transferred in part to adjacent atoms 

» Noyes, Chem. Bet., 17, 1 (1936). 
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in the system. The actual extent of sharing of the electron pair in either 
coordinate or normal covalent bonds varies over a wide range in differ- 
ent links, and the distinction between them vanishes once the bond is 
established. In the example of coordination cited above it is sufSicient 
to recognize that the nitrogen atom after coordination is in a condition 
similar to that in an ammonium ion, and the boron in a state similar 
to that in a fluoborate ion. 

The formation of a coordinate link is denoted conveniently by means 
of an arrow drawn from the donor to the acceptor, EtaN BF3, show- 
ing the source of the electron pair and the orientation of the resulting 
dipole (.li ?Z^). This symbol refers merely to the manner of estab- 

lishing the bond and serves mainly to aid in recognizing a condition in 
which the covalence of an atom exceeds the number of electrons it can 
contribute in the formation of the links. The symbol is useful also to 
indicate a situation in which the covalence of an atom exceeds the num- 
ber of electrons it can contribute in the formation of the links or the 
number required to complete a stable group of eight (two, for hydrogen), 
and the higher covalent state is not accompanied by the appearance of 
definite ionic charges. 

If one of the participants in the coordination is a xmivalent ion the 
integral charge is dissipated and the use of a distinctive symbol in the 
product is superfluous. When a molecule of ammonia undergoes co- 
ordination with a proton, the unit positive charge of the proton is dis- 
tributed throughout the resulting ammonium ion and the new covalence 
becomes identical with a normal covalence. Likewise, the coordination 
of boron trifluoride with a fluoride ion produces a new anion in which the 
unit negative charge permeates the entire system and all the fluorine 
atoms in the fluoborate ion are held by identical covalences. The nor- 
mal state of ammonium or fluoborate ions is not represented as a co- 
ordination complex (I, III) but as a system held together by ordinary 
covalent bonds (II, IV). 


[hI-^— SNH3 hecameB iH— N— H' ►BF3 becomes lP— F| 

H 

II III 

Rule of Covalence Maxima. An expression of the valence of an atom 
in terms of the electronic theory must take into consideration its ca- 
pacity to form chemical combinations through electrovalent and cova- 
lent linkages. The electrovalence of an atom is determined by the 
number of its valence electrons; for an atom which tends to acquire 



1830 


OBGANIC CHEMISTRY 


electrons it is equal to the number of electrons it requires to attain a 
stable number, and for an atom which tends to lose electrons it is equal 
to the number of electrons in excess of a stable number. The normal 
covalence of an atom is also determined by the number of its valence 
electrons, but mnce additional covalent links may be formed by co- 
ordination, it might appear that the total covalence could vary through 
wide limits. On the basis of chemical evidence Sidgwick <•* has formu- 
lated the following values for the covalence maxima of the elements: 
2 for hydrogen; 4 (eight shared electrons) for elements of the first short 
period, from lithium through fluorine; 6 (twelve shared electrons) for 
elements of the second short period, from sodium through chlorine, and 
the first long period, from potassium through bromine; 8 (sixtem shared 
electrons) for atoms of higher atomic number. \ 

ElectroaflSnity of Hydrogen. It is important to recognize the singular 
position of hydrogen in the periodic table.“ The kernel of hyd^gen is 
a bare proton, and as a result it has a higher effective nuclear charge than 
any other atomic kernel.* The small mass and relatively large charge of 
the proton account for its extraordinary mobility and for its ability to 
penetrate the electronic shells of other atoms. Hydrogen acts as a 
strongly electronegative element through its tendency to acquire an 
additional electron and attain a stable group of two. It usually forms 
a single covalent bond but occasionally takes complete possession of an 
electron pair and forms the hydride anion. The apparent tendency 

H-'+.X H:X H-'+'Na Na+[:H]- 

of hydrogen to act as an electropositive atom, as in the ionization of 
acids, is due to its great mobility. The concentration of free protons in 
the aqueous solution of a strong acid is extremely minute, and the ioniza- 
tion of acids must be regarded as the transfer of a hydrogen nucleus from 
one molecule to another, thus forming a complex ion.^ 

H 

H:X + H:b:H-» IH;0:H]+ [:X]- 


Latimer and Rodebush, J, Am, Chem, Soc,^ 42, 1419 (1920) ; Hodebuah, Chem. Bev,, 
5, 509 (1928); 19 , 59 (1936); see, also, Lowiy, J, Chem. Soc., 123 , 822 (1923) ; Huggins, 
Org, Chem., 1 , 407 (1936) ; Lassettre, Chem. Bev., 20 , 259 (1937) ; Rodebush and Buswell, 
/. Phye. Chem., 48 , 219 (1939). 

* This does not mean that hydrogen is the most electronegative element, since electro- 
negativity is considered to represent the electron-attracting power of a neutral atom in a 
stable molecule (see p. 1855). On Pauling’s scale of electronegativities hydrogen is 
ass^cned the value 2.1 and lies between boron (2.0) and carbon (2.5). 
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There is also good physical and chemical evidence that an atom of 
hydrogen can hold two other atoms together, as in the bifiuoride ion, 
The association of hydroxylic compounds, and formation 
of chelate rings (p. 1868) in certain orifeo-substituted phenols and enolic 
forms of jS-diketones, are further examples of 2-covalent hydrogen. 
Originally it was assumed that 2-covalent hydrogen held a group of four 
shared electrons, but this conception has been shown to be quite un- 
likely on physical grounds. The 2-covalent state of hydrogen is attrib- 
uted to a condition of resonance between two structures, in the first of 
vhich the hydrogen is attached to one, and in the second to the other, of 
the two atoms which it holds together: A: :B. 

Resonance.^ It is sometimes possible to write for a molecule, or 
polyatomic ion, two (or more) electronic formulas having the same ar- 
rangement of the atomic nuclei and differing merely in the positions 
assigned to the electrons in the system. If the electronic structure cor- 
respond to about the same energy content (and to the same number of 
unpaired electrons, if any), then neither electronic formula alone ex- 
presses the normal state of the molecule but instead a combination of 
both. The molecule will be more stable than either structure alone, 
as a result of resonance between the structures, and can be regarded as 
having a structure intermediate between the two (which cannot be 
expressed by the conventional symbols of structural chemistry). If two 
structures have the same energy the molecule resonates equally be- 
tween the two; if one structure is much less stable than the other, its 
contribution to the normal state of the molecule will be relatively small 
and the molecule will be only slightly more stable than the more stable 
of the two fractures (p. 1847). 

In molecules that exhibit resonance the observed heat of formation 
is greater than the sum calculated from the heats of formation of the 
separate bonds, and the increased stability is interpreted as resonance 
energy.^^ It is found also that the distances between the atoms linked 
in a resonating system are somewhat smaller than the normal. These 
effects may be illustrated with carbon dioxide,^® for which two different 
electronic formulas can be written. 

:0=C— O: ^ ^ :*6— OsO: 

The essential conditions for resonance are satisfied, and since the cal- 
culated heats of formation of the two forms are nearly the same (348 

Pauling and coUaboiators, J. Am, Chem, Soc.t 53 , 3225 (1931) ; 64 , 996, 3570 (1932) 
/. Chem. Phye., 1, 362. 606, 679, 731 (1933), 

“ Sidgwick, Ann, Bepte, Chem. Soc, {London)^ 81, 37 (1934). 
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kcal./mole for the symmetrical formtila and about 350 for the other) 
they would contribute about equally to the normal state of the system. 
The effects of resonance are indicated by the following experimental 
observations: the observed heat of formation of carbon dioxide (380 
kcal./mole) is about 32 kcal. greater than the value calculated for either 
one of the formulas; the observed distance between the terminal oxygen 
atoms is about 10 per cent less than the calculated values; and the 
chemical reactivity of the carbonyl groups is reduced far below that of 
aldehydes and ketones. 

The theory of resonance is important in organic chemist^ in ac- 
counting for the stability of systems which might be expected, on the 
basis of their structural formulas, to be more reactive than they actually 
are. Further examples are afforded by benzene (and aromatic Systems 
in general), nitro compounds, isocyanates, amides, carboxylii acids, 
esters, and anions derived from carboxylic acids or enolic forms of car- 
bonyl compounds (see Table V, p. 1837, and Table XIX, p. 1913). 

The phenomenon of resonance involves merely a fluctuation of 
electrons without change of any atomic nucleus and is not to be confused 
with dynamic isomerism (tautomerism), which requires the displace- 
ment of a proton. In resonance, the time of change (if a change is con- 
sidered to occur) is of the order of 10~^® second, but a mixture pf two 
forms in tautomeric equilibrium would change very much more slowly. 

ELECTRONIC CONFIGURATIONS OF ORGANIC MOLECULES 

Derivation of Electronic Formulas. The electronic configurations 
of organic molecules containing only single bonds can be deduced directly 
from the traditional structural formulas merely by taking into account 
the number of valence electrons of the atoms concerned, the formation of 
electron pairs, and the tendency of the principal atoms (C, N, O, S, and 
the halogens) to form octets. However, double bonds of the conven- 
tional formulas may represent two different electronic systems: a true 
covalent double bond made up of four shared electrons or a coordinate 
link (semi-ionic double bond) of only two shared electrons. 

Where more than one electronic structure is possible, the normal 
structure may be chosen by using the rule of covalence maxima and 
the principle of minimum residual charges formulated by Langmuir: “ 
“The residual charge on each atom and on each group of atoms tends to 
a minimum.^' For this purpose fractional residual charges arising from 
an unequal distribution of the electron pair of a covalent bond (inductive 
displacements, p. 1842) can be neglected and the approximate residual 

Langmuir, Seienee, 54, 69 (1921). 
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charge is pven by the formula E — 7o)> where is the effective 

nuclear charge of the atom, V* the number of electron pairs shared with 
other atoms (covalences), and To the number of unshared electrons in 
its valence shell in the compound. In other words, if the sum of the 
covalences and the unshared electrons for an atom in a compound is 
greater or less than its effective nuclear charge, the atom bears a residual 
negative or positive charge.** 

The use of these rules in deducing electronic formulas may be illus- 
trated with two typical compounds, acetone and nitromethane. In the 
case of acetone, four possible structures might be considered for the 
carbonyl group. Since only the first of these satisfies the octet rule and 
the principle of minimum residual charges, this one may be taken to 
represent the normal electronic structure. The others may be used to 
indicate activated states of the molecule arising from dynamic electronic 
displacements (electromeric effects, p. 1845). 


CH3 

CH3 _ „ 

CHa 






CH; 









CHaHNi:; 



The structure of the nitro compounds offers a more difficult prob- 
lem. The first formula leaves each atom with no residual charge but 
violates the octet rule. Although valence shells of more than eight 
electrons may occur with atoms beyond neon (atomic number, 10) 
there is strong evidence that the covalence maximum of four is never 
exceeded in atoms of the first period. In the second formula the octet 
rule is observed; in this structure the nitrogen has a residual charge 
of +1, the 1-covalent oxygen —1, and the a-covalent oxygen ±0. In 
the third structure the nitrogen has only a sextet of dectrons; its 
residual atomic chai^ is -t-2 and that of each oxygen is — 1. Althou^ 
it is possible that nitrogen may sometimes hold a stable group of rix 
elections, the principle of minimum residual charges indicates tiiat the 
second formula will represent the normal state. Values of the electric 
moments of aromatic nitro compounds point to a symmetrical structure 
for the nitro group, but this can be explained on the basis of a mobile 
pair of electrons shifting back and forth between two oxygen atoms 
(resonance). The situation is analogous to the oscillating double bonds 
in the Kekul4 formula for benzene. Problems of electronic configura* 
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lions in organic molecules have been attacked from the idiysical side by 
various means, such as stereochemistry, spectroscopic data, heats of 
combustion, electric moments, and the parachor (see Chapter 23, pp. 
1744-1804). 

Electronic Symbols. Owing to the complexity of expanded elec- 
tronic formulas for organic molecules, various conventions have been 
introduced to simplify the representation of organic structures on the 
bams of the electronic theory. The usual symbol for an atom is used 
to designate the atomic kernel, that is, the atom without its valence 
electrons. The traditional bond of organic chemistry, either emressed 
or implied, is used with a precise significance to indicate a idiamd elec- 
tron pair (covalence). A codrdinate link, or semi-ionic double bond, 
may be ^own by changing the covalent bond to an arrow pointiiK from 
the electron donor to the acceptor (A — » B) or by using the conventional 

bond and indicating the resulting charges by plus and minus signs (A — B) . 

Unshared electron pairs need not be designated explicitly, since their 
presence is sufficiently obvious from the number of covalent bonds if the 
valence shell of the atom is complete. An unpmred electron in neutral 
atoms or free radicals may be indicated by a small dot or by the symbol 
e (R* or Brc). Ions need no symbol beyond the usual -f- or — sign, 
but it is frequently convenient to use brackets [ ] to delimit a' poly- 
atomic ion. The use of these conventions is iUustrated by means of 
specific examples in the accompanying table. 

Ionic Links. It will be observed that the condensed electronic 
formulas differ from conventional structural formulas only when ionic 
or semi-ionic (codrdinate) links are present. In the ammonium and 
diazonium compounds the fact that one of the valences of pentavalent 
nitrogen is an electrovalence and differs from the other four is well 
established. Stereochemical evidence ” (p. 413) ^ows that the four 
covalences of nitrogen have a tetrahedral arrangement * but the group 
held by the electrovalence does not have a fixed direction in space and 
is attracted electrostatically by the ammonium ion as a whole. 

Since nitrogen cannot exceed a covalence of four it might be inferred 
that an ammonium base or salt could not exist in an undissociated form. 

Mills and Warren, J. Chem. Soe., 1S7, 2607 (1026) ; aee Sdgwiok (references 4 and 6, 
and also Proe. Boy. Soe., A 176, 163 [1940]) for a general discussion of the space distribu- 
tion of covalences. 

* The tetrahedral arrangement appears to be the only space distribution for dements 
whose maximum covalence is four, and is the normal arrangement for many 4-covalent 
atoms of the higher periods (sUicon, tin, phosphorus, arsenic, sulfur, sdenhun, tellurium, 
etc.). A plane arrangemmt appears to occur in 4-covslent nickel, palladium, and plati- 
num; an octahedral arrangmnent occurs in all the 6-oovalent compounds that have been 
asamined (aluminum, dtromium, iron, cobalt, niokd, idatinum, etc.). 
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table IV 


Eu,cTRomo Cofmovn^-nom of Typical Obganio Compound 

Conde^ Hectronio 
Formula 

CHrf=CH, 

H.. . ..H 

c:c 

H •• • •• H 

CH 2 — CHs 

0 

CHr— (H) — CH» 
CH, H 

\«-Cl 
CHj ''''h 

•o*- 
• • • • 

H,C:C ;CH, 
r CH, -j + 

a^.N.H [.a:j 

H J 

0 

CHi— A-CH, 

1 j^CHr-A-Hl a- 

CH, 

CHr-l!r=0 

(!;h, 

CH, 

H,CiN:0: 

•• •• 

CH, 

CT, 

CHr-N-O 

<!;h. 

o 

1 

8 

•V* 

•• •• •• 

H,C:N:Ot 

•• 

0 

CHr-ll-+0 

0 

ch,-I-ch, 

& ■ 

•• 

:0: 

•• 

H,C:S;CH, 

•• 

:05 

0 

CHr-l-CH, 

i 

cji,— N— a 

i 

^C,H,;N;N;j"^j^;Cl:j 

IC,Hr-N-N]+Cl- 

CeHi 

— * 

C,H, 

CJ9[,:C> 

C,H, 

C,H, 

<!!A 


r ~ r 


Na~-*CHf*~CJfE[i 

Na+ tCiCAj 

Na+[:CHF-Ctf[s]- 
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This inference is correct only for the quaternary anunonium compounds, 
since an undissociated form of the other ammonium compoimds can 
arise by the formation of a coordinate link involving 2-covalent hydro- 
gen.** An unionized amine-hydrate may be produced by coordination 
of a covalent hydrogen of water with the nitrogen atom of the amine. 

(CH8)8N: + H-OH (CH8)8N-+ H— OH ^ [(CH8)8N— H]+OH- 

Axnine-hydrate 


The stability of the undissociated form is due to the resonance effect 
associated with a hydrogen bond.* / 

The tertiary phosphines, ardnes, and stibines give rise to quaternary 
cations strictly analogous to the ammonium cation. In thAoxonium 
and sulfonium compounds, oxygen and sulfur have a covalence of three 
and one electrovalence; no compounds are known with more thpn three 
organic groups attached to oxygen or sulfur. Corresponding\ cations 
derived from the halogens occur only with iodine, in the diaryliodonium 


salts [CbHs— I— CbHsI+X- 

Oxonium salts of the type [ROH 2 ]"*'X~ and [R20H]‘*’X~ are much 
less stable than the corresponding ammonium compoimds. The inter- 
action of an alcohol and a halogen acid can be represented by the follow- 
ing equilibrium, which is analogous to that of an amine and water: 


H 

I 

R— OH + H— X R— 0^ H— X ^ [R— OH^l+X" 


Unionized Oxonium salt 

complex 


The most stable types of oxonium compounds are the cyclic structures 
derived from the pyrones. The enhanced stability of the pyrylium and 
pyroxonium salts may be attributed to an ability of the conjugated un- 
saturated system to dissipate the high residual charge on the oxygen 
atom by means of resonance effects. 


KJ 

A 


HC 

R— ll l^-R 


R OH 

X 

CH -5^ HO OH 


HX 


HC 


CH 


NA 


R— A li— R I^-i ii— R 

NA 


X- 


Organic anions occur commonly in the alkali metal salts of carboxylic 
acids, phenols and enolic forms of /3-dicarbonyl compounds, oximes, and 

* The term '^hydrogen bond** has been used frequently to indicate the unique bonding 
of 2-oovalent hydrogen* but this expression is ambiguous and the term * 'hydrogen-bridge** 
seems preferable; see Huggins, J. Org, Chem,^ 1, 409 (1936). 
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aci-nitro compounds^ and in the organometallic compounds of the 
metals. It will be observed that all these compounds give rise to 
structures in which the stability of the anion may be increased through 
resonance effects, and that the formation of simple ionized salts is re- 


TABLE V 

Resonating Structures of Organic Anions 

O 5 ^ ^ O 5 O 

Ri---{|!r--CH*==(^ Ri— -d!) — CH — dl — R 2 Ri — ^===CH*---d!j— --R 2 

Enolate anion of a /}-diketone 


R— CH=N— O R— CH—N=«0 

Ozimate anion 


R-~CH= 




?=± R—CH— N 




N) 


oct'Nitro anion 


BenEyl anion o-Quinonoid form p-Quinonoid form 


stricted largely to the alkali metals. Organic derivatives of the less 
active metals (such as beryllium, magnesium, and zinc) show a marked 
tendency to form coordination complexes of the Grignard type or to 
produce chelate ring structures (p. 1868) by intramolecular coordination. 

Expanded Valence Shells. Although valence shells of groups of ten 
or twelve electrons may occur with elements of higher atomic number, 
experimental evidence indicates that the elements lying between helium 
and neon cannot expand their valence shells beyond an octet. The 
hypothesis that the elements in the first period do not expand their 
valence octets, even in the transitory coordination complexes that arise 
in the course of chemical reactions, is of considerable value in correlat- 
ing the reactivity of atoms with their position in the periodic table. 

All efforts to obtain derivatives of 5-covalent nitrogen have been 
u nsuccessful. Nitrogen compounds containing five hydrocarbon groups, 
such as tetramethylammonium benzyl, were prepared by Schlenk “ and 
found to behave as ionized salts, [(CH 3 ) 4 N]'*‘[:R]“(p. 629). Attempts 
to obtain compounds with five simple alkyl groups attached to nitrogen, 
by the interaction of quaternary ammonium halides and metal alkyls, 
were also fruitless. ** The products of the reactions indicate that the 
alkyl group derived from the metal alkyl does not enter the valence shell 
of the nitrogen atom. Similar experiments with quaternary halides of 

« Schlenk and Holta, Bet., 4S, 603 (1916) ; 60, 274 (1917). 

Marvel and ooUaboratora, Am* Chetn, jSoe., 48, 2689 (1926) ; 49, 2323 (1927) ; 61t 
8496 (1929) ; 08, 376 (1930). 
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the phosphonium and arsonium type indicate that even these atoms do 
not expand their valence shells beyond an octet to hold a fifth nJlry l 
group (pp. 426-426).“ However, the existence of 5 -covalent halides of 
the tyx)e R 3 PCI 2 and RAsCU shows that these atoms can hold a group of 
ten electrons (decet) when attached to highly electronegative elements. 

The marked difference in the mode of decomposition of the quater* 
nary ammonium bases “ from that of the corresponding phosphonium, 
arsonium, and stiboniiim bases can be accoimted for by the assumption 
that nitrogen is unable to hold a decet of electrons, even as an unstable 
intermediate state in the course of reaction. 


[(C2Hj)gN-CH2-CHj]+[OH] ' 


H— OH + (CsH*)3N-CH*-CH*: 

Olefinic decomposition 


(CsH6)sN: + CHs=CH2 


[(CsH*)3P— CH2-CH3]+ [OH]- 


/CHj-CHg 

(C2H6)*P(C 

N)H 


\ 


/CHr-CH» 

(C2H6)3P< 

N)— H 

Paraffinic decomposition 


(C8H8)3P— O + CH 3 — CH 3 


In a quaternary ammonium base the 4-covalent nitrogen cannot furnish 
a seat for the donor reagent (hydroxyl ion), and the attack occurs through 
acceptor activity conferred upon a hydrogen atom in the /3-position of 
one of the alkyl groups. Elimination of water leaves the carbon in the 
jS-position with an unshared electron pair and a high residual negative 
charge; the unshared electron pmr is drawn toward the center of high 
positive charge, and the system breaks up into two more stable configura- 
tions, a tertiary amine and an olefin. In the quaternary phosphonium 
base the central atom is able, by expandiirg its valence shell, to act as an 
acceptor for the hydroxyl ion. Subsequent transformations of this 
complex result from the tendency of the central atom to revert to an 
octet. Expulsion of the hydroxyl ion merely reverses the oii^al co- 
ordination, but the combination of an incipient alkyl anion with a proton 
from the hydroxyl group within Ihe complex gives an irreversible decom- 
podUon into the tertiary phosphine-oxide and a paraffin. 

Typical elements of the sixth group (sulfur, selenium, and tellurium) 
form ionized salts of the type [RaStj'^X" and show little tendency to 
ex|>aiid the valence shell to a group of ten. In general, the formation of 

' .*• lasold and eolUtMtaton, J. Chem. Soc., 997 (1927) ; 8126, 3127 (1928) ; 2838, 2342, 
3867 (1929) ; 705, 708, 713 (1930). C/. Ann. RepU. Chem. 8oe. {Londvn), 67, 143 (193(9. 
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an expanded valence shell occurs more readily willi atoms of higher 

atomic munber, and a group of twdve appears to be more stable than a 

• • 

decet. Tellurium, for example, forms a complex anion [CH3 — ^Tel4]"", 
in which it has five covalent bonds and an unshared electron pair. Al- 
though an expanded valence shell of ten or twelve electrons might occur 
in organic derivatives of sulfur (sulfinic acids, sulfoxides, sulfonic acids, 
sulfones, etc.), there is definite evidence from measurements of para- 


O 

II 

R— S— X 


0 

t 

R— S— X 


I n 

Sulfinio derivatives 


0 o 

II T 

R— S— X R— S— X 

II i 

o o 

m IV 

Sulfonic derivatives 


chors*** and dipole moments that the octet structures (II and IV) 
represent the true configurations in these compounds. 

The cleavage of sulfones by alkalies gives evidence of the reluc- 
tance of sulfur to expand its valence shell but indicates that it can do so 
under favorable conditions. The dialkyl sulfones 3deld an olefiin and an 
alkyl sulfinate; this reaction indicates the direct removal of a proton 
from the ^-position and is strictly analogous to the decompoation of 
quaternary ammonium hydroxides. In the diaryl sulfones the olefinic 
decomposition is inhibited and the reaction is analogous to that of 
quaternary phosphonium hydroxides, which involves a temporary ex- 
pansion of the valence shell. 


0 

T 

R— S-CH»-CH*-H + [OH]- 

i 

0 


■ O' 

T 

R— S: 

I 

0 


+ CHs=€H* + H— OH 


0 

t 

CeHr-S-€,H* + [OH]" • 

■ i* 

0 


0 OH 

\/ 

C.Hs— S 

/\ 

0 C«H» 


0 ■ 

T 

CeHr-S-O 

i 

O 


+ 0(Hs— H 


Covalent organic halides in which a halogen atom exerts a cova- 
lence greater one appear to occur only with iodine, and particularly 
in the aryl iodides. At low temperatures methyl iodide forms a solid 
dichloride, CH3 — ^ICl2i which decomposes into methyl chloride and 
iodine monochloride on warming to — ^ 30 ®. The unsaturated alkyl 
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iodides and aryl iodides form much more stable dichlorides, and the aryl 
compounds yield a series of derivatives containing 2-covalent iodine 

CHs— I + a, CHs— i4-a— a i— ci + ch*— a 

V jt ahift 


CeHfi— I + CI 2 CcHs— I^C1--C1 > [CgHb— I-~C1]+C1~ 

(iodosobenzene and diphenyliodonium salts) and 3-covalent iodine 
(iodoxy benzene) . 

The formation of the 2- and 3-covalent iodine compounds and their 
unusual reactions can be interpreted upon the assumption thit iodine 
in the link I-Aryl is capable of holding temporarily a decet of mectrons 
but shows a strong tendency to revert to an octet. The structures of 
the stable derivatives involve only valence octets. A similar mechanism 

? '\ 

roHi - I + - 

[CeHfi— I-~C1]+ — CeHs— I^OH -► CeHs— I— O + HCl 

Iodosobenzene 


0 o 

1 + 1 - 

2R — 10 R— 1<~0— I— R -4 R— I— O + R— I 


Iodoxy benzene 


o 


+ 1+ 

R— IO 2 4- R— 10 R— 1-~0— I— O- > [R— T— R]+ [lOa]- 

I Diphenyliodoniunoi salt 

R 


may be applied to certain reactions of the alkyl halides, and particularly 
to anomalous reactions of the iodides, since the tendency to expand the 
valence shell follows the sequence: iodine > bromine > chlorine. 


CLASSIFICATION OF ELECTRON DISPLACEMENTS 

In the development of current theories dealing with the electronic 
mechanism of organic reactions by Robinson® and by Ingold,^ the 
activation of a molecule is considered to arise largely through active or 
incipient electron displacements leading to the development of a center 
of high or low electron density. Chemical change is pictured as an 
electrical transaction, and molecules are considered to react by virtue of 
a constitutional affinity either for electrons (electrophiles) or for atomic 
nuclei (nucleophiles). When an electron-seeking reagent attacks some 

For a discuBrion of reactions of the iodoxy croup ( — lOi) see Masson, Race, and 
Pounder, J, Chem. 80c., 1669 (1935). 
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center in an organic molecule, reaction will take place if the center is 
able to supply electrons to the requisite extent; the development of a 
critical electron density at the site of reaction is an essential feature of 
the development of the energy of activation. Thus, the mechanism of 
supplying electrons to the reaction zone becomes the main considera- 
tion; the more readily the necessary electron density can be furnished, 
the more the reaction will be facilitated. For a nucleophilic reagent the 
primary necessity is a center of low electron density at the site of re- 
action, and groups which withdraw electrons from the reaction zone 
will facilitate the reaction. 

The molecular model which serves as a basis for the modern elec- 
trochemical (electronic) theories of reactions is one that visualizes a 
space distribution of atomic nuclei and electrons (as point charges) 
maintained by elastic forces about fixed relative positions.*^ This sim- 
ple picture has been elaborated, to the dismay and confusion of many 
organic chemists, by the introduction of wave-mechanical ideas of a 
continuous statistical distribution of electron density, of quantized 
states, and of resonance (degeneracy). However, the more compli- 
cated picture has served, on the whole, merely to correlate and place 
upon a more definite physical basis a variety of phenomena that were 
long recognized by organic chemists. 

The simpler or the more complex picture leads to the view that the 
electrical specification of a molecule requires a knowledge of two kinds 
of electrical quantities. These are concerned with the positions and the 
mobility of the charges, that is, with the state of polarization of the 
system and with its polarizability. Polarizability represents an intrinsic 
susceptibility to polarization, a deformability, which becomes operative 
under the influence of the environment. 

The extent to which a given group in an organic molecule can con- 
tribute to the activation for reaction involves considerations of the 
polarization and the polarizability of the group, and of the electrical 
requirements for the particular reaction. The general acceptance of 
electronic theories by organic chemists has been delayed by the use of ill- 
defined conceptions of ^'polarity,” ^‘electron attraction,” and ''relative 
electronegativities” (p. 1854) along with an insufficient appreciation of 
the duplex mechanism of activation and of the contribution of the 
environment (reagents, solvent media, catalysts, etc.). The circum- 
stance that various reactions, intended to measure relative "polarity” 
or "electronegativity,” do not place groups in an identical sequence is 
to be expected: polarization and polarizability are independent vari- 
ables, and their relative contributions vary with the nature of the reac- 
tion and of the environment.^ 
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The activation of a molecule is considered to involve two forms of 
electron displacement. Inductive displacements, designated as I effects, 
arise mainly from an unequal -extent of dtiaring of the electron pair of a 
covalent bond and affect the state of polarisation of the atoms in the 
link; these effects represent a relatively permanent condition of the mole- 
cule. Electromeric (dynamic) displacements, designated as T or E 
effects, are associated with unshared electron pairs or multiple covalent 
bonds and concern primarily the polarizability of the structure; electro- 
meric effects are much more time-variable than inductive effects. 

Ingold’s elaboration of the theory has led to the postulatiop of four 
polar effects, as indicated in the following scheme: 


Electronic Mechanism * 

Electrical Classificationl 

\ 

Polarization 

(permanent) 

Polarizal^ty 

(dynamic) 

General inductive (/) 
symbol — 

Inductive (/«) 

Inductomeric (Jd) 

Tautomeric (T) 

Mesomelic (M) 

Electromeric (E) 

symbol 


‘ 


* The notations and Id were not used hy Ingoid but are introduced here to avoid ambiguity 
in referring to this scheme. 


In the present state of the knowledge concerning polar effects, the 
validity of this analysis or its practical utility is not unquestioned. It 
is convenient, frequently, to indicate the general mechanisms (/ and T 
effects) without further reference to permanent or dynamic factors. 

The following paragraphs are devoted to definitions of the terms 
used currently in the application of the theory of electron displacements 
in organic reactions. It is essential to have a clear conception of the 
precise usage of the terms, and to recognize the significance and the 
limitations of the different electronic effects. Furthermore, two differ- 
ent effects may be present in the same bond and they may reinforce or 
oppose each otiier. In the system C — OH, there is an inductive dis- 
placement toward the hydroxyl group and an electromeric effect in the 
oppodte direction. Each effect can act independent^, and the contri- 
bution in a given reaction requires a consideration of several factors, 
61 ^) 608 % the dectrical demand of the reagent. 

Gwmal Inductive Effects. Lewis pointed out that the electron 
pair a covalent bond may be shared by the two atomic kernels in such 
a way that th^ is no permanent polarization (as in the iqnpametrioal 
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links H3C — CH3, H2N — ^NH2, and Cl — Cl), or the binding pair may be 
shifted toward one atom so as to give that atom a fractional negative 
charge and the other atom a corresponding positive charge (as in the 
imsymmetrical bonds H3C — ^NH2, H3C — OH, HsC — Cl). The term 
inductive effect is used to designate a permanent displacement (polar- 
ization) in which the electron pair remains within the valence shell of 
both atoms. This displacement is restricted by the fundamental 
principle requiring the maintenance of stable electronic configurations 
(especially the octet rule) and is not regarded as sufficient in itself to 
produce a reactive molecule. Inductive effects are considered to act 
largely through enhancing or restraining electromeric effects. Experi- 
mental evidence indicates that I effects diminish rapidly in a saturated 
chain and become negligible beyond two or three atoms. 

The direction of inductive effects is considered usually in a relative 
sense vrith reference to hydrogen, that is, from the standpoint of relative 
influences of substituents in a given system. A group X would l)e con- 
sidered to exert an effect of electron release in the compound X — CR3 
if the electron density in the residue — CR3 were greater in this com- 
pound than in H — CR3. Similarly, the group Y is classified as electron- 

X-^CRa H-~€R 3 Y— M^Rs 

—I effect Reference 4-1 effect 

CBlectron release) standard (Electron attraction) 

attracting in Y — CR3, if the electron density in — CR3 is less in this 
compound than in H — CR3, Electron release is distinguished by a 
negative sign and electron attraction by a positive sign, so that they may 
be indicated by the symbols — / and +/ (Robinson).* In structural 
formulas the direction of electronic displacement may be indicated by 
an arrow head placed at the cerUer of the bond (not to be confused with 
the symbol for a coordinate link). 

The influence of substituents on the dissociation of organic acids 
affords a simple illustration of inductive effects, and suitable comparisons 
give information as to the relative effects of various atoms and groups. 
The ionization of acetic acid involves the detachment of a proton from 
the carboxyl group by means of a solvent molecule, and this process will 
be governed (in a given solvent) by the degree of attraction of the 
acetoxyl group for the proton. 

CHr-OOr-H + OH2 [CHa-COa]- + [H-<>H2]+ 

tli6 prosont distjfussioii tlie signs attached to I and E effects are the reverse of 
4^se employed fay Ingold, although the directions of the effects are considered to fae the 
eaine* The hy indicate the effect of the disjdacement upon the groups 

X or Y, rather tiian upon — <3E|. 
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When a substituent is introduced into the acid, the influence of the sub- 
stituent relative to that of hydrogen is expressed by the extent to which 
the equilibrium is displaced in one direction or the other. If the sub- 
stituent withdraws electrons (-t-/ effect) the proton will be held less 

X— < — CHjr— < — CO* — < — H Y — >— CHj — >—00* — >— H 

Increased acidity Diminished acidity 

firmly in the carboxyl group and the acidic strength will be increased; 
if the substituent releases electrons {—I effect) the resulting ^crease 
in electron density in the carboxyl group will hold the proton more 
strongly and the acidic strength will be diminished.® The c^tants 
given in Table VI show that all the common substituents except alkyl 
groups exert a +/ effect, and the order is as follows: \ 

\ 

F> Cl> Br> I> 0CH3> NHC0CH3> C 6 H 5 > CH=CH*> H> CH, 

TABLE VI 


Dissociation Constants of Substituted Acetic Acids 


Substituent 

K X 10® 

Substituent 

X X 10® 

— -CHs 

1,4 

— OCH3 

33 


1.8 

—I 

76 

— CH==CH2 

4.6 

— Br 

138 

— CeHs 

6.6 

—Cl 

166 

—NHCOCHs 

22.6 

— F 

210 


Owing to the use of an arbitrary reference standard, an effect of 
electron release relative to hydrogen does not imply that the group X 
necessarily becomes the positive end of an electrical dipole, nor that the 
atoms in the link X — » — C bear residual atomic charges of opposite 
sign (“alternating polarity”). Likewise, electron attraction relative to 
hydrogen does not imply that the group Y becomes the negative end of 
a dipole. This is shown by a consideration of some specific examples. 

• • 5 — •• + 3 + 

:0->— CR* ;a-<-CR* ■ H,N— «-cr* 

• • • • 

In an alkoxide anion the strong —I effect of the anionic center results 
in the transfer of a small fractional negative charge (symbol S— ) to the 
attached carbon atom, and in the alkylammonium cation the strong 

** See Diiqiy, Chem. Bev., M, 167 (1939), for a diaoueeion of the influence of eubetitumts 
on the dieaociation conetants of orgutic adds. 



ELECTRONIC THEORY 


1845 


+ J effect of the cationic center leaves the attached carbon vdth a small 
residual positive charge (symbol d+)* In both cases the sign of the 
induced charge is the same as that of the polar group itself. With an 
electrically neutral substituent such as chlorine, the +/ effect of the 
halogen atom does actually create an electrical dipole, and the atoms in 
this link bear fractional charges of opposite sign. 

A summary based upon Ingold’s classification of the inductive effects 
of a number of organic groups, and their relative magnitudes, is given in 
Table VII. 

TABLE VII 
Inductive Effects 
Electron release {— /) 

— NR> — — Se 
— Li> — MgX> ~-ZnX> — CdX> — HgX 
— AIR2 > — SiRs > — SdRs > — PbRs 
— C(CH3)8> ~-CH(CH3)2> — CHir-CH3> —CHa 

Electron oUrojction (+/) 

+ + + + + + 

"“"ORa^ -“•NR3> — PR3> — — AsRa — NRa^ — NR25 “~OR2> — ~OR 

+ + + 

•—ORa^ — SR2> — SeRi — F> — OR> — NR2 

+ 

— NRs> — N02> — A8O3H2 — F> — Cl> — Br> — I 

"■SO2 — — SO — — SO2 — — SO3* — C=C — — CRsasCR® 

Electromeric Effects. Tautomeric displacements occur in systems 
containing double bonds or triple bonds, and in single bonds containing 
an atom that holds an unshared electron pair. In the first case, one 

R — CH =0 R — C^=N CeH. — ^NH* CgH. — OH 

Dynamic electron withdrawal Dsmamic electron release 

(+1? or 4-r effect) or — T effect) 

atom tends to withdraw an electron pair from the multiple link and 
create an electronic deficit in the valence shell of the other atom. In 
the second, an unshared electron pair is released toward' the adjacent 
atom so that the covalence of the link tends to increase. 

The symbol R — CH®=0 implies that to some unknown extent the 
electrons of the double bond are breaking away from the carbon atom 

♦ To avoid confusion the symbols + and — are restricted to the designation of formal 
(integral) charges of ions or ionic centers. The symbols 6-1- and 6- are used to indicate 
fractional charges acquired through electron displacements. 
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more multiple bonds (as in phenol or aniline). Even if the attached 
atom is capable of expanding its valence shell beyond an octet, which is 
possible for atoms beyond neon (see covalence maxima, p. 1829), the rela- 
tively unstable configuration of the expanded shell will have a strong 
opposing infiuence. Consequently, electromeric effects represent mainly 
an inherent ability of the system to undergo an effective electron di^ 
placement under the influence of an external polar center. 

TABLE VIII 

Electbomeric Polarizabilities (Ingold) 

— E (Electron rdeaae) 

- + 

— 0> — OR> — OR4; etc. 

— NR2> — OR> — ^F; etc. 

— -!> — Br> -a> — F; —SON; etc. 

-f E (Electron withdrawal) 

— 0=NR2> — C==NR; etc. 

— C=0> — C==NRj etc. ^ 

— CX)R> — COCl> — CX)2R>’ — CX) — NR2> “-“CX)2j etc. 

±E type 

-~(>==C; —CbHb; etc. 

Polarizability effects are concerned with the mobility of the elec- 
tronic system and are considered to have greater time-variability than 
inductive effects. Since chemical reaction is assumed to occur only in 
molecules in an exceptional (activated) state, the momentary surge of 
electron density associated with the dynamic effects is intimately 
bound up with the process of activation (p, 1862). The dynamic com- 
ponents {Id and E) are considered to be capable of giving a direct 
impetus to one course of reaction but incapable of exerting a direct 
opposition to an alternative course. 

Mesomeric Polarization (Resonance Effects). There is physical 
evidence that molecules containing two appropriately disposed electro- 
meric systems of opposite types form a molecular dipole. The resulting 
internal compensation of the dynamic effects of electron release and elec- 
tron withdrawal leads to a dimmished activity of the system toward 
external donor and acceptor reagents. In the system illustrated, the 
permanent polarization reduces the basic strength of the amino group 
and depresses the reactivity of the carbonyl group. Robinson, begin- 
ning in 1926, developed a number of generalizations pertaining to struo- 

mC\ + “ 
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tures of this kind, which were classified later as *‘polyenoid,” "hetero- 
enoid,” "katio-enoid,” and “neutralized” systems.* Examples of these 
structures and their characteristic behavior are discussed later (poly* 
functional electromeric systems, pp. 1908-1928). 

A conception of “electronic strain,” which is essentially the same as 
the resonance prindple, was adumbrated by C. E. Ingold and E. H. 
Ii^ld in 1926. In its subsequent development the terms “mesomer- 
ism” and “tautomeric degeneracy” were introduced, and the permanent 
state of polarization associated with electromeric effects was dedgnated 
as a mesomeric effect (symbol M). I 

The magnitude of the mesomeric effect in a given system such as 

(I) will depend upon the relative stability of the alternative structure 

(II) . Mesomeric polarization of (I) requires that X increase itJj cova- 
lence by one unit and acquire a cationic charge, and the opposite qhange 
for Y. The presence of preexisting electrical charges on X or Y will have 

I II 

an important influence. Electron release by X will be facilitated by a 
negative charge, and suppressed by a positive chaige. Obviously, elec- 
tron withdrawal by Y will be influenced in the opposite way by electrical 
charges. 

TABLE IX 
Mbbombbic Effects* 

— M effect of X 

(fUeebron release and increase of covalence) 

—CRt> — NR> — O 

+ - + 

— NR> — NRs; — 0> — OR> — OR:! — — -SR> — SRs 

— NR*> — OR> — F; — SR> —OR; — F> — a> — Br > —1 

4-Af effect of Y 

{Electron attradion and decrease of covalence) 

+ 

==NRs> =NR; ==S> =0 (e.g., in — 0=8 and — C=0) 

=0> »=*NR> =CR* (e.g., in — 0=0, — C=NRand — N=0, — N=NR) 

sN (eg., in — CfeN and — ^NsN) 

* In this table the ~ M effect of the halogens is the reverse of that given in the first edition. The 
rdative effect of the halogens has been the subject of much controversy owing to the ciroumstanoe 
that several faoton are operative. For a concise discussion of the four distinct polar effects of the 
halft gan atoms, sce Bird and Ingold, J. Ckem. Soe,, 027 (1038). 
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Ihductomeric Polarizability. In 1933 Ingold introduced the term 
inductomeric polarizability to designate a polarizability effect arising in 
single bonds during the course of reaction by an inductive mechanism, 
that is, a polarizability effect associated with changes in the sharing of 
the bonding electron-pair under the influence of a reagent. This con- 
cept is the counterpart of the idea of a permanent polarization associated 
with an electromeric displacement (mesomeric effect). 

Polarizability effects are due to the deformability of one molecular 
system under the influence of the polarizing field (polarization) of an- 
other. Thus, the close approach of an external polar center may alter 
the normal distribution of the electron pair of a covalent bond tl^ough 
the deforming action of its polarizing field. The response of a given 
system to this effect will depend upon the polarizability of its members 
(see bond polarizabilities, p. 1856). 

6 + 5 — • 

A-t-B pq- A— fB 

Normal (resting) state Dynamic response to reagent 

The contribution of inductive polarizability effects is of particular 
significance in the alkyl groups. These groups merely exert the polar 
effects which are impressed upon them by other groups in the molecule. 
The general inductive effect (relative to hydrogen) of CH 3 — , and all 
saturated alkyl groups, is zero if the comparison is made between 
CH 3 — CH 3 and CH 3 — ^H; but CH 3 — exerts a weak effect of electron 
release (— /) if CH 3 — CO 2 H and H — CO 2 H, or CH 3 — CeHs and 
H — CeHs, are compared. Since the common organic substituents 
( — ^NH 2 , — OH, halogens, etc.) have a stronger attraction for electrons 
than do alkyl groups, the latter will usually exert an effect of electron 
release. In combinations with groups of lower electron attraction, the 
opposite effect may be expected. 

Alkyl groups are more polarizable than hydrogen, and in the course 
of reactions one may expect this property to result in a dynamic effect 
such as CH 3 — * — C relative to H — C. Ingold makes this statement:^ 
“It is provisionally assumed that an inductomeric [)olarizability is the 
same for both directions; this would surely hold for small electron dis- 
placements, but it is unlikely to be more than roughly true for displace- 
ments of the magnitude of those which occur during reactions.” Ingold’s 
classification of the inductomeric polarizabilities of typical substituents 
is presented in the following tabulation.* 

^ For Fajans* generalizations relating to deformation and deformabilities of ions» see 
p. 1887. The * 'deformation rules** of Fajans may be used qualitatively to estimate the 
relative tendency of covalent bonds to undergo ionization under comparable oonditwne. 
and also to estimate the relative stability of organic ions. 
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InDUCTOIOIRIO POLARIZABIuniS 

- + + 

— 0> — OR> — ORs; — ^NR 2 > — ^NRt; eto. 

— CIU> — NR 2 > — 0R> — F; etc. 

— I> — ^Br> — Cl> — F; eto. 

■“CR*> — CHRs> — GHaR> — CHjj — ""H; etc. 

It is evident that there are certain special types of organic reactions 
which cannot be dealt with adequately on the basis of the four electronic 
effects outlined in the preceding paragraphs. When a reaction involves 
redistribution of atomic nuclei among themselves (tautomerism, and 
intramolecular rearrangements), the introduction of additional special 
principles is required. Furthermore, the two mechanisms of elekronic 
displacement have been considered from the standpoint that w the 
electrons are paired, and cannot be applied without extension to mole- 
cules that contain an impaired electron (free radicals). However, the 
marked tendency of impaired electrons to form pairs (rule of two) and 
the anomalous properties of systems containing an unpaired electron 
(odd molecules) justify the assumption that the most characteristic 
reactions of covalent bonds involve retention of the binding pair by one 
atom of the link rather than fission into free radicals. The formation of 
free radicals and the interpretation of their diemical behavior will be 
considered elsewhere (p. 682 and pp. 1928-1934). 

POLAR CHARACTERISTICS OF COVALENT BONDS 

Residual Charges. In a symmetrical covalent link, A — A or B — B, 
the binding pair of electrons is distributed equally between the two 
atomic kernels, so that in the normal or average state there is no perma- 
nent polarization of the link. In an unsymmetrical covalent link A — B, 
the electron pair may be rinfted toward one atom and away from the 
other, so that A and B acquire fractional charges (d±) and an electrical 
dipole is created. From estimations of the dipole moments of individual 
links and of the -distances between the atomic nuclei, Sidgwick ‘ has 
calculated the approximate extent of this displacement, or the inequality 
of shitring of the electron pair, in a number of the common covalent 
links. These values are shown in Table X, where the links are written 
with the poritive end of the dipole at the left, and the symbol 
expresses the residual charge as a fraction of the charge of an electron 
(4.77 X lO”^® e.8.u.). 

The existence of a reridual charge on the atoms of a covalent bond 
does not in itself pve rise to a condition of instability. Pauling has de- 
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TABLE X 

Residual Chabobs in Covalent Links (Sidqwick) 


Link 

«+ a- 

Moment 

(nEXd) 

Intemuclear 
Distance d, in 
Angstrom Units 

AE in 
Electro- 
static Units 

Electron 
Charge Units 

/ 

H— C 

0.2 

1.14 

0.18 

0.04 

H— N 

1.3 

1 1.08 

1.2 

0.25 

H--0 

1.6 

1 1.07 

1.6 

0.31 

H— P 

0.66 

1.24 

0.44 

0.1 

H— S 

0.8 

1.43 

0.6 


H— Cl 

1.03 

1.27 

0.81 


H— Br 

0.78 

1.41 

0.66 


H— I 

0.38 

1.61 

0.24 


C— N 

0.4 

1.48 

0.3 

0.06 

CfeN 

3.3 

1.15 

2.9 

0.61 

a--o 

0.9 

1.47 

0.6 

0.13 

C=0 

2.6 

1.27 

2.0 

0.42 

C— S 

1.2 

1.83 

0.7 

0.15 

C=S 

3.0 

1.59 

1.9 

0.40 

C— F 

1.5 1 

1.45 

1.03 


o~ci 

1.7 

1.74 

1.0 


C— Br 

1.6 

1.90 

0.8 

BkB 

C— I 

1,4 

2.12 

0.7 


N— 0 

0,6 

1.41 

0.4 


N=0 

1.9 

1.21 

1.6 

0.34 


veloped tlie view that a single bond may be described as resonating 
between the covalent extreme and the ionic extreme. If tbe extreme 
covalent structure A:B corresponds to the same bonding energy as the 
extreme ionic structure A"*" :B“ then the two structures will contribute 
equally to the actual state of the molecule, and the actual bond energy 
will be greater than the bond energy for dther structure alone by an 
amount equal to the interaction of the two structures; that is, the mole- 
cule will be stabilized by resonance between the two structures. If one 
of the two extreme structures corresponds to a greats bond enetgy than 
the other, the more stable structure will contribute more to the actual 
state of the molecule than the less stable one, and the actual bond energy 
will be somewhat greater than that of the more stable structure. In 
riaaling ^th the properties of single covalent bonds it is convenient, 
instead (d referring to resonance between the extreme structures, to 
describe the, bond as a amdent bond with partied ionic charcuter. The 
ionic contribution is exceedingly small (less than 2 per cent) in symmet- 
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rical bonds such as H — and Cl — Cl, and in bonds between atoms of 
similar electronegativity such as Br — Cl. The ionic contribution be- 
comes greater when the atoms in combination are quite different in elec- 
tronegativity. 

The fact that atoms of a covalent bond bear fractional charges does 
not mean that there is no essential distinction between a covalent and an 
ionic bond, nor does it imply that a covalent molecule A — B exists in 
equilibrium with the ion pairs :B““ and A: B"^. Theoretical con- 
siderations and experimental evidence support the view that in the great 
majority of links the bond will be due almost entirely either to lelectron 
sharing (covalence) or to electrostatic forces (electro valence). In typical 
single covalent links the inequality of sharing of the electron pair martial 
ionic character) does not usually exceed 20 per cent (6zt0.2), nnd in 
typical ionic links the reduction in dipole moment resulting from mutual 
deformation of the ions is usually less than 20 per cent. 

Bond Energies. The amount of energy evolved in the formation of 
a molecule A — B (in the gaseous state) from the two neutral atoms or 
radicals A* and -B (in the gaseous state) is called the bond energy. 
The bond energy represents, conversely, the amount of energy required 
to dissociate a gaseous molecule of A — B into the neutral atoms or 
radicals A* and -B. Empirical values of bond energies of simple dia- 
tomic molecules may be obtained from thermochemical or spectro- 
scopic data, and average bond energies for individual bonds in poly- 
atomic molecules may be calculated from heats of combustion, or heats 
of formation of the compounds, together with the heats of formation 
of the products of combustion (CO2 and H2O) and the heats of forma- 
tion of the atoms from the elements in their standard states. The values 
of a number of bond energies compiled by Pauling ® are given in Table 
XI; these values are for actiuil bonds with partial ionic character and not 
for extreme (ideal) covalent bonds, and are designed only for use with 
atoms having no formal electrical charge. For molecules that can be 
represented by one valence bond structure (non-resonating systems), 
these bond-energy values are additive and the sum gives a fairly good 
approximation to the heat of formation of the compound from the 
atoms. For molecules that can have more than one valence bond for- 
mula (resonating systems) the actual heat of formation as foimd ex- 
perimentally is greater than the sum of the individual bond energies, 
and the difference represents the degree to which the molecule has been 
stabilized by resonance among the several formulas. 

If an unsymmetrical covalent bond A — B were an average of the 
symmetrical bonds A — ^A and B — ^B, and no perturbing factors inter- 
vened, one would expect the value of the bond energy D(A — B) to be 
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TABLE XI 


SiNOLB Bond Enebgt VaiiXteb (Padung) 
(In kilocalories per mole) 




Symmetrical Bonds 



H— H 

103.4 

P— P 

18.9 

F— F 

63.5 

C— C 

58.6 

As — As 

15.1 

Cl— Cl 

57.8 

Si— Si 

42.5 

0—0 

34.9 

Br — Br 

46.1 

Cjc — G e 

42.5 

&-S 

63.8 

I— I 

36.2 

N— N 

20.0 

Se— Se 

57.6 





UnsymmetricaZ Bonds 



C— H 

87.3 

C — S 

54.5 

P— Cl 

62.8 

Si— H 

75.1 

C— F 

107.0 

P— Br 

49.2 

N— H 

83.7 

C— Cl 

66.5 

P— I 

35.2 

P— H 

63.0 

C — Br 

54.0 

As— Cl 

60.3 

As— H 

47.3 

C— I 

45.5 

As — Br 

48.1D 

0— H 

110.2 

Si — 0 

89.3 

As-I 

33.1 

S— H 

87.5 

Si— S 

60.9 

0— F 

58.6 

Se— H 

73.0 

Si— F 

143.0 

0— Cl 

49.3 

H— F 

147.5 

Si— Cl 

85.8 

S — Cl 

66.1 

H— Cl 

102.7 

Si — Br 

69.3 

S — Br 

57.2 

H— Br 

87.3 

Si— I 

51.1 

Se— Cl 

66.8 

H— I 

71.4 

Ge— Cl 

104.1 

Cl— F 

86.4 

C — Si 

57.6 

N— F 

68.8 

Br— Cl 

52.7 

C— N 

48.6 

N— Cl 

38.4 

I— Cl 

51.0 

C-0 

70.0 

N— 0* 

57.0 

I— Br 

42.9 



Mtdtiple Bond Energy Values 



C=C 

100 


C=N 

94 



123 


C^N 

144 (in HCN) 

c==o 

142 (in CH,0) 

CsN 

150 (in RCN) 

c=o 

149 (in ECHO) 

o=s 

103 


0=0 

162 (in RCOR) 

N=0 

113* 



* The values for N — O and N=0 were obtained from the heats of combustion of ethyl nitrate, 
dimethylnitrosamine, acetoxime, and nitrosobensene by making them consistent within themselves 
and with suitablejesonance energies. The value 57 kcal. for N — O includes the energy of the resonance 
X=N — OH ♦=fc X — N=OH+; see Branch and Calvin, “The Theory of Organic Chemistry," Prentice- 
Hall, Ino., New York (1941). 

equal to the arithmetic mean of the corresponding symmetrical bond 
energies D(A — ^A) and I>(B — B). On the basis of the theory of ionic 
resonance in covalent bonds, Pauling ' has postulated that the actual 
bond energy of an uns3anmetrical molecule A — will always be greater 
than or equal to the arithmetic mean. The difference A would never be 
negative, and will represent the extra ionic resonance energy of the 
vmsymmetrical bond: 

A - D(A— B) - i[D(A— A) + D(B— B)] 
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The postulate of the arithmetic mean * is valid for a large number oi 
single bonds, and Hie values of A have been used by Pauling as the basis 
for formulating an extensive scale of electronegativities of the elements. 
The A values (extra ionic energy) of a number of bonds are shown in 
Table XII, which gives also the empirical electronegativity differences 
{xx — Xb) derived from them by the method described below. 

TABLE XII 


Extba Ionic Energy of Bonds and ELECTRONEGATivnT 
Differences of Atoms (Padiang) 



A 




A 



Bond 

kcal. 

Af 23.06 


Bond' 

kcal 

\23.06^ 

1 

§ 

C— H 

6.3 

0.62 

0.4 

Si— F 

90.0 

1.97 

\ 2.2 

Si—H 

2.1 

0.30 

0.3 

Si— Cl 

36.6 

1.24 


N— H 

22.0 

0.98 

0.9 

Si— Br 

26.0 

1.04 

\ 1.0 

P— H 

1.8 

0.28 

0.0 

Si— I 

11.7 

0.71 

0.7 

As—H 

-12.0 

— 

0.1 

Ge— Cl 

63.9 

1.63 

1.2 

0— H 

41.0 

1.33 

1.4 

N— F 

27.0 

1.08 

1.0 

S— H 

3.9 

0.41 

0.4 

N— Cl 

-0.6 

— 

0.0 

Se— H 

-7.6 

— 

0.3 

P— Cl 

24.4 

1.03 

0.9 

H~F 

64.0 

1.67 

1.9 

P— Br 

16.7 

0.86 

0.7 

H~~C1 

22.1 

0.98 

0.9 

P— I 

7.6 

0.68 

0.4 

H— Br 

12.6 

0.74 

0.7 

As— Cl 

23.8 

1.01 

1.0 

H— I 

1.6 

0.26 

0.4 

As — Br 

17.4 

0.87 

0.8 

C— Si 

7.0 

0.66 

0.7 

As— I 

7.4 

0.67 

0.6 

C—N 

9.3 

0.64 

0.6 

0— F 

9.4 

0.64 

0.6 

C-O 

23.2 

1.00 

1.0 

O— Cl 

2.9 

0.36 

0.6 

C-S 

6.7 

0.64 

0.6 

S— Cl 

6.3 

0.48 

0.6 

C— F 

46.9 

1.41 

1.6 

S— Br 

2.2 

0.31 

0.3 

c— a 

8.3 

0.61 

0.6 

Se— Cl 

9.1 

0.63 

0.6 

C—Br 

1.6 

0.26 

0.3 

Cl— F 

16.7 

0.82 

1.0 

C— I 

-1.9 

— 

0.0 

Br— Cl 

0.7 

0.18 

0.2 

Si— O 

60.6 

1.48 

1.7 

I— Cl 

4.0 

0.42 

0.6 

Si-S 

7.7 

0.68 

0.7 

I— Br 

1.7 

0.27 

0.3 


The Electronegativity Scale. The values of A are a measure of the 
ionic character of the covalent bond A — ^B, and it is observed that A 
increases as the two atoms A and B become more and more unlike in 
electrouegativity; conversely, the A values become very small when the 
two atoms in combination are alike in electronegativity. Thus, in the 
series H — ^F, H — Cl, H — ^Br, H — I, the A values are, respectively, 64.0, 
22.1, 12.5, and 1.6 kcal./mole, and in the series H — C, H — ^N, H — O, 
H — the values are 6.3, 22.0, 41.0, and 64.0 kcal./mole. 

aeoaietric mMai, (n<A— A) X I>(B — has been diowA by Pauling to give 
aotnmhat more satisfactory values of A, particularly when the Qonmetrical bond energies 
differ greatiy from each other. The arithmetic and geometric means differ but slightiy. 
Dt couxM, when the bond mergieB differ from one another by small amounts. 
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The property of electronegativity referred to here is the power of an 
atom in a molecule to attract electrons to itself and is closely ftlciTi to the 
intuitive notion of electronegativity as used by organic chexnists. This 
property is different from the electrode potential of the element, or the 
ionisation potential of the atom, or the electron affinity of the atom. 

By analysis of the A values Pauling was able to assign to the elements 
electronegativity values which satisfy approximately the relation 
Aab {xjl — where xa and iCB represent the electronegativity 
values of the atoms A and B. In formulating the electronegativity 
scale the A values are expressed in electron volts (1 e.v. = 23.06 kcal.), 
since this gives a convenient range, and an additive constant has been 
chosen to give the first-row elements Li to F the values 1.0 to 4.0. 

TABLE Xin 

Pauling’s Electronegativitt Scale or the Elements Showing Relation to 

THE Periodic Table 

H 

2.1 



li 


Be 


B 

C 

N 

0 

F 


1.0 


1.5 


2.0 

2.5 

1 

3.0 

3.5 

j 

4.0 

: 

Na 

j 

Mg 

A1 

Si 

1 P 

S 

Cl 

I 

i 

0.9 

j 

1.2 

1.5 

1.8 

j 2.1 

2.5 

3.0 

j 

: 

i 


K 

Ca 


Ge 

As 

Se 

Br 

i 



0.8 

1:0 


1.7 

2.0 

2.4 

2.8 

i 

i 



Rb 

Sr 


Sn 

Sb 

Te 

I 


1 



0.8 

1.0 


1.7 

1.9 

2.1 

2.4 


1 




1.0 

1.5 

2.0 

2.5 

3.0 3.5 4.0 


rvalues 


This electronegativity scale is particularly useful since it provides 
definite comparison of atoms from different groups and different hori- 
zontal rows of the periodic table. Such information is of value in corre- 
lating experimental observations, in the development and refinement of 
organic chemical theories dealing with the relative tendencies of various 
atoms or groups to retain the bonding pair of electrons in a reaction, 
and in other ways. Moreover, by means of Pauling’s empirical curve 
relating the per cent of ionic character for a bond A — B with the electro- 
negativity difference (a?A "" ^ possible to obtain a fairly good 
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estimate of the ionic character of a variety of bonds for which no experi- 
mental data are available. 

The X values of the electronegativity scale apply to atoms with a 
formal charge of zero. Pauling has estimated the effect of formal charge 
on the X values in the following way. The increasing electronegativity 
for a series of atoms in the same horizontal row, such as C, N, O, F, can 
be attributed to successive increase in the effective nuclear charge act- 
ing on the valence electrons. The successive increments in the x values 



Pauling’s empirical curve relating amount of ionic character of a bond A — B to the 
difference in electronegativity of atoms A and B {xx — 

in this series (i.e., in going from N of NR3 to O of OR2, etc.) correspond 
to an increase of about 0.6 (in electron charge units) in the effective 
nuclear charge, this amount being the increase in actual nuclear charge 
(+1) diminished by the screening constant of one valence electron for 
another (about 0 . 4 ). In going from N of NR3 to [NR43‘^, in which 
nitrogen has a formal charge of +1, the increase in effective nuclear 
charge will be 0.4 since the actual nuclear charge remains imchanged 
but the screening effect is dimin ished by one electron. Thus, a unit posi- 
tive formal charge will increase the x value for an atom by about % of the 
distance to the next atom to the right in the periodic table; conversely, 
a unit negative formal charge will decrease the x value by about % of the 
distance to its left neighbor in the periodic table. If an atom forms bonds 
which are largely ionic in character in addition to the bond under con- 
sideration, an estimate of the effect of the actual charge on the x value 
may be obtained by the same general method used for formal charges. 

Bond Polarizabilities. The rupture of a covalent bond in the course 
of reaction involves factors other than the extent of polarization in the 
normal state. The presence of permanent residual charges has an orient- 
ing influence, but the main consideration is the extent to which the 
atoms of the bond are capable of undergoing a temporary polarization 
under the influence of polar centers of the reagent, that is, the polariza- 
bility of the bond. 
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The relative polarizability of covalent bonds depends p rima rily upon 
the relative mobility of electrons within the systems, and can be de- 
duced from refractivities. Since the refraction of light in the visible 
region is due to the displacement of electrons and not atomic nuclei, 
it is posable to assign “constants” to groups of electrons rather than to 
atoms. Detailed analyses of molecular refractions ** have led to bond 
refractivities (symbol Pb), and from these values the bond polarizabil- 
ities (symbol at) can be calculated. Since the bond refractivities and 
bond polarizabilities have a linear relationship (P^ = the 

former may be used directly for the comparison of bond polarizabilities. 
The polarizabilities of some typical bonds are shown in Table XIV, in 
which the Pe values given for systems containing unshared electron 
pairs include the contribution of the unshared pairs. 


TABLE XIV 
Bond REFRAcn v iTiEs 


Bond 

Ps 

Bond 

Pe 

Bond 

Pe 

H— C 

1.70 

0— C 

1.21 

C==C 

4.15 

H— N 

1.8 

C—N 

1.55 

CsC 

6.02 

H—0 

1.85 

C— 0 

1.43 

C==0 

3.42 

H~F 

1.9 

C— F 

1.6 

F~ 

2.4 

H— Cl 

6.67 

G-Cl 

6.57 

cr 

9.0 

H— Br 

9.14 

C~Br 

9.47 

Br~ 

12.6 

H— I 

13.74 

C-I 

14.50 

I- 

19.0 


The effect of electrical charges on electron mobility is shown by 
comparison of the hydrogen halides and the corresponding halide anions; 
further illustration is afforded by the series [OH]“, H 2 O, and [HaO]'*’, 
where the refractivities are 5.1, 3.76, and 3.0, respectively. The influ- 
3noe of multiple bonds is indicated by comparing C — C with C=C and 
C^C; the refractivity of the double bond is 2.075 per electron pair, 
the triple bond 2.01 per electron pair, and the single bond 1.21. This 
in d i ca t es that the double bond is almost twice as easily polarized as a 
sin^e bond, but differs very little from a triple bond in its polariz- 
ability.** 'Die low polarizability of the single bond C — C accounts 
also for the rapid diminution of inductive effects in a saturated carbon 
cha-in and the greater polarizability of C==C for the ability of unsatu- 
rated systems to transmit them with much smaller loss. 

The refractivities of the bonds C— X follow the same order as the 

** Fajans and Knoor, Bar., 89, 266 (1926) ; »ee, alao, Smyth, “Dielectrio Ckmatant and 
Moleoular Structure,” Chemical Catalog Co., New York (1931). 

** Waters, “Physical Aspects of Organic Chemistry,” Routledge and Sona London 
(1936). 
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g^eral teactivities of the halides in metathetical reactions involving 
elimination of the halide anion. It must be recognized, however, that 
polarizability effects can occur in mther direction, and a high polariza- 
bility of systems containing an unshared dectron pair may be rdated 
to the tendency to form additional coval^t links by codrdination with 
an acceptor center. The stability or reactivity of the resulting struc- 
tures involves a number of other factors and cannot be predicted directly 
from the relative polarizabilities. 

CLASSmCAlION OF CHEMICAL SEACnVUIBS 

Ch^ganic molecules may be classified superficially from the standpoint 
of the electronic configurations of the valence ^ells of the principal 
atoms, but the important consideration in dealing with chenfical re- 
actions is the behavior of their active centers relative to other ^sterns. 
The classification of reagents as acids and bases, or as oxidizing and re- 
ducing agents, is merely a convenient expression of their activity rela- 
tive to one another. Within a given category it is possible to place 
reagents along a scale of rdative affinities to express the activity of 
adds, or oxidizing agents, relative to each other. Obviously, the pos- 
session of one dominant characteristic does not necessarily imp]^ the 
absence of the oppodte property; a base will act as such in contact with 
a reagent that is less basic than itself but can act as an acid in the pres- 
ence of a reagent more basic than itself. 

Adds and Bases. Lewis ^ has given the following broad definition 
of basidty and addity: a bade substance is one which has an unshared 
pair of electrons which may be used to complete the stable group of 
another atom, and an addic substance is one which can employ an 
unshared pair from another molecule in completing the stable group of 
one of its own atoms.** Thus, acetic acid is acidic with reference to 
hydrocarbons, alcohols, and amines, all of which are rdatively stronger 
dectitm donors, but it is bade with reference to hydrogen chloride, 
which is a weaker electron donor. It is posdble to arrange molecules 
and ions in the order of their acidic or bade activity relative to a definite 
criterion, but it is not to be expected that the identical sequence will 
be maintained toward all reagents of eitiher type. 

Oxidation and Reduction. A condderation of oxidatibn aird reduo- 
tiem diows that the redudng agent donates electrons, or a diare in its 
electixms, to the oxididng agent. Cionsequoitty, oxidation axtd reduc- 
tion ai« analogous to baddty and addity from the standpdnt eff the 
fundammital dectinnic characteristics of the active centers. Bases 
Sm. alM. Lodmr, Chmn. Bn., S7. B47 (194(0. 
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and reducang agents are electron donors; adds and oxidising agents are 
electron acceptors. In any category the reagents may be subdivided 
into two groups, depending upon vrihether they act by Hnnatine or 
accepting electrons completely or by a dialing process. For example, 
an active metal or ion (Na- or Fe"*^) usually acts as a redudng agent, 
or as a “base,” by donating electrons completely; covalent molecules 
(SO2, NHs, etc.) usually act by donating to an oxidizing agent, or to an 
add, a share in previously unshared electron pairs. Sulfur dioxide acts 
as a reducing agent by virtue of the unshared electron pair in the 
valence shell of the sulfur atom; it can act also as an oxidizing agent or 
add, by virtue of its ability to accept an unshared electron pair from 
another molecule or ion ([OH]~ or NH3). 


O 0 

T T 

:s=0 + HO— X -»■ X— &-OH 

i 

0 

SO2 as eleGtro& donor 


0 

t 

:s=0 + [OH]- 


ro 

T 

Jg — QJJ 

i 

0 


BOg as electron acceptor 


Cationoid and Anionoid Activity. Following Lapworth’s proposal 
that reagents should be classified as anionoid or cationoid according as 
they resemble active anions or cations in their behavior, Robinson has 
arranged the active centers of typical reagents into two groups indicat- 
ing their behavior relative to one another in the course of reactions 
(Table XV).* It must be emphasized that the terms cationoid and 
anionoid are not intended to imply that the nature of the electro- 
afl^ity depends upon the state of polarization of the reactive system. 
These names refer to the characteristic acceptor or donor activity of 
reactive cations or anions. 

Electrophiles and Nucleophiles. Ingold has designated reagents 
which donate their electrons to, or share them with, a foreign atomic 
nucleus as nucleophilic; reagents which acquire electrons, or a share in 
electrons previously belonging to a foreign molecule or ion, are termed 
electrophilic. The broad classification of organic molecules and re- 
agents as electron acceptors or electrophiles, and electron donors or 
nudeopfaRes, embraces also the narrower classifiGations (acids and bases, 
oxidising and reducing agents). It is evident, therefore, that all the 
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methods of classifying the electroaffinities of organic molecules and 
reagents are based upon essentially the same principles and the same 
electrochemical concept of chemical activity (p. 1840). 

TABLE XV 

Classification of Reagents (Lapwobth-Robinbon) 

Anionoid (Eledrortrdonating) 

Reactive anions: [NH 2 ]", [OH]“ [CN]“ [OR]*”, [CH(C02Et)2]“ etc. 

Molecules containing unshared electron pairs: N of NHs and 
ethers, aldehydes, ketones; S of mercaptans, sulfides; etc. 

Reducing agents: Fe"^; metals (as sources of electrons). 

Hydrocarbon residues of organometallic compounds: R — of R — MgX; 
of acetylides; etc. 

Unsaturated carbon of olefins and of aromatic compounds: CH 2 F=CH 2 ; 

Neutral atoms and free radicals (common to both classes). 

Cattonoid (Elet^ronrcuxepting) 

Protons and proton sources: acids, etc. 

Reactive cations: [HsO]*^, diazonium ions, cations of pseudo bases (e.g., cotamine). 
Metallic atoms with incomplete valence shells, capable of coordination: HgR 2 , etc. 
Alkyl residues of esters, alkyl halides, and quaternary ammonium compounds: 

(CH3)2S04, CHy-X, [(CH8)4N]+ etc. 

Halogens, ozone, peroxides, and oxidizing agents: CrOs, Fe*^"*”^, Mn 04 ““, etc. 
Cfn-bon of carbonyl groups (aldehydes, ketones, esters) and nitriles. 

Nitrogen of nitroso and nitro compounds, and nitric acid. 

Sulfur of SO3, H2SO4, NaHSOa. 

Neutral atoms and free radicals (common to both classes). 

Fonnulation of Reaction Mechanisms. It must be recognized that 
the formal classification of reagents as electrophilic and nucleophilic, or 
cationoid and anionoid, is based upon considerations of the initial and 
final states of the reactive centers and is independent of specific hypothe- 
ses concerning the intimate mechanism of the reaction process. From 
the standpoint of reaction mechanisms the intrinsic electroafiinity of an 
active center, or the overall trani^ion from the initial to the final state, 
is less significant than the nature of the j^cess through which the elec- 
tronic transfer is accomplished. The formulation of definite reaction 
mechanisms depends upon the introduction of various speculative 
hypotheses designed to correlate the chemical behavior of active cen- 
ters with their electronic configurations. 

A certain confusion arises from the circumstance that the inherent 
attraction of a reactive center for electrons or for atomic nuclei may 
operate by a direct or indirect process. There is little doubt, for exam- 
ple, that the driving force of the characteristic reactions of molecular 
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chlorine arises from an Inherent attraction for electrons. Ingold regards 
chlorine as an electron-accepting reagent; it is considered so in the Lap- 
worth-Robinson classification and placed in the same categoiy with 
potential alkyl cations, the carbon atom of the carbonyl group, and 
metallic atoms having an incomplete valence shell. However, in specu- 
lating upon the mode of attack of reagents by chlorine it appears that 
the avidity of chlorine for electrons may be appeased by a circuitous 
process: one atom can act as a donor in a preliminary attachment to an 
acceptor center and the other atom then migrates to a donor center of 
the reagent. The result of the whole process is that both chlorine atoms 
attain a state in which they have a larger share in the binding pair of 
electrons than either had in the Cl — Cl link. 

Cl— a + A— B -» [ct-a-^A— b] a— A + ci-b 

(Substitution) '' 

The same reaction can be formulated by the assumption of a pre- 
liminary polarization of the chlorine molecule by the electrical field of a 
molecule of the reactant, or a solvent, or surface on which adsorption 
has occurred. 

Cl— a + B— A -♦ |rci ;-5nB^A j a— B + a— A 


The reaction is then considered to result from the stroi^ electron attrac- 
tion of the electron-depleted (positively polarized) chlorine atom. The 
same products would be ejected according to either formulation, so 
that an examination of the final products will not be of assistance in 
distii^uiahiii^ between the alternative mechanisms. Indeed, the source 
of instability is due in both cases to the same active caxise, the electron 
deficiency of the positively polarized chlorine atom. 

In the following discussion an effort has been made to incorporate 
ihe pertinent features of the important generalizations of Robinson 
and of Ingold, and to present a composite picture of the contributions 
of a number of other investigators in the application and extendon of 
electronic theorira. Since the formulation of intermediate complexes 
seems justified on physical and chemical grounds and useful in the inter- 
pretation of many effects that are associated witib reactivities, particular 
emphasis has been given to the hypothesis of preliminary cofirdination 
complexes. The reactive complexes are intended to represent mobile 
systems which facilitate the occurrence of effective eleetxon displace- 
ments in the course of reaction and must not be confused with stable 
intermediate compounds that can sometimes be isolated. 
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CLASSmCATION OF RSACTIONS 

The most- typical reactions of oi^ank molecules that occur in solu- 
tions and at ordinary temperatures may be grouped into three general 
classes, according to the nature of the reagent: (i) reactions between a 
covalent molecule and a free atom, especially an alkali metal, or a free 
radical; (ii) reactions between a covalent molecule and an ionized sub- 
stance; (iii) reactions between two covalent molecules. It is by no 
means a simple matter to decide upon the intimate mechanism of all 
organic reactions, but it may be stated that, in general, only the first 
dass of reactions will involve a symmetrical fission of the biming pair 
of electrons to yield an electrically neutral fragment, a free radical 
These reactions may, therefore, be designated as non-ionic 01 ; radical 
reactions. The second and third classes may be considered to\involve 
an unsymmebrical cleavage in which the electron pair remains intact 
and is retained by one of the atoms of the link. Reactions of this kind 
need not be sharply differentiated, and both are frequently called ionic 
reactions. It is convenient to designate the second class as simple 
ionic and the third class as pseudo ionic or complex ionic reac- 
tions. 

The three classes of reactions of covalent molecules usually differ 
markedly from the ionic reactions of strong electrolytes in that the 
former take place more slowly. To account for this difference Arrhenius 
introduced the notion that chemical reaction depends upon the presence 
of a relatively small number of active molecules, and that a normal 
or average molecule must be brought to a higher energy level (activated 
state) before reaction will occur. This conception has been extremely 
fruitful, and the Arrhenius equation h * relating the reaction 

velocity k with the number of molecular colMons and the energy of 
activation E, has served as a basis for the general correlation of kinetics 
of chemical dianges. In the activation theory the quantity E repre- 
sents the amount of energy which a molecule must have in excess of tiie 
normal or average energy content, and, since this quantity enters as an 
exponential term, small variations in E will produce a relatively large 
effect upon the rate of reaction. 

Fh3n9ical evidence leads to the view that there is a time interval 
between an effective oollunon and the occurrence of reaction, and that 
an “activated complex” intervenes as an intermediate state betwerai 
the reactants and tiie products. The driving force of a reaction depends 
upon energy increments that are associated with polarization and pdariz- 
abihty ^ects in a covalent structure. In the activated complex rda- 
tively sma l l forces are able to bring about a redistribution of the 
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electronic Bystems among tlie atomic nuclei, to give more atable 
configurations. 

Radical Reactions. The interaction of an organic halide and an al- 
kali metal may be taken for consideration of the general mechanism 
of this class of reactions. The metal transfers an electron to the halide 
molecule forming a hi^y unstable organic anion. The tranaent 
anionic complex [R — ^X+c]~ decomposes into X~and R — e. The sub- 
sequent transformations will depend upon a number of factors: the 
intrinac stability of the free radical, which is a constitutive property 
determined by internal factors; the nature of the environment; and the 
relative concentrations of other molecules or atoms with which it can 
react (external factors). Reaction of the free radical with a second atom 
of the metal will generate an organometallic compound RM; reaction 
with another free radical may produce either R — ^R (Wurtz-Fittig re- 
action) or R — H and an olefin (disproportionation). It is possible to 

M- + X— R -» M+ -f X- + -R 
R- -1- M- RM R- -1- R* R— R 

R* + R* -|- CnHsn 

attribute the formation of R — R to the interaction of RM with a second 
molecule of R — ^X, and to envisage other mechanisms leading to the 
same products, but these details need not be considered here (see p. 537). 

The relative reactivity of a series of halides (R — ^F, R — Cl, R — ^Br, 
and R — I) toward a given metal should be determined by the relative 
ability of a collision with the metallic atom to produce an effective 
electronic duiplacement in the direction X— ^R. Consequently the 
polarizability of the C — X bond, and not the residual charge in the link, 
will be paramount, and the reactivity diould decrease from iodide to 
fluoride. This is verified in the most striking way by ingenious experi- 
ments of Polanyi and his collaborators,^ who have shown that the 
number of collisions required to produce one effective collision, in the 
reaction of methyl halides with sodium vapor, is 1.5 for CH3 — ^I, 25 
for CHa— Br, 5000 for CH3— Cl, and 10,000,000 for CH3— F. Similar 
results were obtained with the ethyl and aryl iodides, bromides, and 
chlorides. 

There is some evidence that the attack of sodium on oi^nic halides 
such as bromobemsene ^ves rise to tranrient sodium ha^ls (p. 539), 
corresponding to the ketyls obtained from aromatic carbonyl com- 
pounds.*^ Thu suggests tirat the reactions under ordinary conditions 

** Horn* Polanyit and Style, Trans. Faraday Soe., 80, 189 (1934). 

^ Morton and Stevens, J. Am. Chsm. Soe., 04 , 1919 (1932) ; see, also, Baobmann and 
Wiselogle, ibid., SO, 1943 (1936). 
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probably occur by the addition of an electron to the halogen atom, 
through the temporary expansion of its valence shell. In aromatic 


Na- + Br-CeHj ■ 


Na* + R— CO— C«H» 


+ ^Na 

Na[-Br— CdH*]-'^ 




. - H- 

+ Metal halyl 

Na + Br-+ 


+r O 

Na I 


^ Na 


R — C — CcHbJ 

Metal ketyl 



halyls and ketyls the relatively longer life of the intermediate may be 
attributed to resonance effects. The halyl complex may be ^garded 
as a temporary state which permits internal dynamic effects to become 
operative. 

Simple Ionic Reactions. The metathetical reactions of alkyl ha- 
lides with hydroxides, alkoxides, and salts of alkali metals are typical 
of this class. The rate of reaction usually follows the order 
R — I > R — Br > R — Cl, in accordance with the polarizability of the 
halogen atoms. The fact that reactions of this kind can occur without 
the racemization of an asymmetric system attached to the halogen 
atom, but with optical inversion,^® indicates that the process may be 
pictured in the following way: 


R' 

\ 

X- + H— C— Cl 

/ 

R 


R' 

I ^ 

X- CH— Cl 

I 

R 


R' 

/ 

X— C— H + Cl" 

\ 

R 


In this case the configuration of the asymmetric center is “turned 
inside out, like an umbrella in a strong wind.” A preliminary separa- 
tion of /ree alkyl cations in reactions of this kind is quite improbable, 
since this would lead to racemization and possibly to molecular rear- 
rangement within the alkyl group. 

The effect of structural variations of the alkyl^group upon the rates 
of reaction has been studied for many reactions of this type. Although 
different ionic reagents do not always place groups in an identical 
sequence, it is generally true that the order of decreasing reactivity is: 
methyl > primary > secondary > tertiary groups. Aryl and vinyl 
halides are extremely inert, and allylic or benzylic halides are highly? 
reactive (p. 1053). 

For a discussion of optical inversion, see p. 264. 
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Since alkyl groups tend to produce an effect of electron-release rela- 
tive to hydrogen, it might be expected that the tertiary alkyl halides 
should be more reactive than the secondary or primary compounds. 
However, the determining factor here appears to be the mobility of 
the cationic center, that is, the relative tendency of a collision to pro- 
duce a sufficient mobility of the respective cationic centers. Since the 
alkyl groups are electron-releasing groups they reduce the electronic 
deficit and thereby diminish the probability of an effective collision. 
Aryl and vinyl groups inhibit reaction throu^ their tendency to favor a 
mesomeric polarization which increases the covalence of the carbon- 
halogen bond (see hetero-enoid systems, p. 1909). The interposition of a 

CH^CH-^1 :CH2— CH=C1 

Inactivation of halogen in vinyl halides ^ 

CHiF=CH— CH 2 CI v± CH#=^H— CHr-^ 

Activation in allyl and bensyl halides 


methylene group, as in CH 2 ==CH — CH 2 — Cl or CeHs — CH 2 — Cl, has a 
strong positive effect since the vinyl or aryl system is capable of exerting 
a strong dynamic effed of electron release toward the atom to which it is 
attached. Mesomeric polarization ( — T effect of the halogen atom), 
which disfavors separation of a halide anion, does not occur in the allyl 
and benzyl halides owing to the inability of the methylene group to 
hold an additioiul electron pair. It will be recalled that dsmamic 
effects are able to facilitate a given tjrpe of reaction, but cannot in them- 
selves impede an alternative reaction. 

In certain reactions, and especially with elements of hi^ atomic 
number, the mechanism may involve a temporary expansion of the 
valence shell beyond an octet (p. 1837). The anomalous hydrolysis of 
certain halides, particularly iodides, to give hydrocarbons is an example 
of this phenomenon. 

R-I + OH- -» [R— I«-OH]- R— H + [I-O]** 

This type of reaction occurs with “positive” halogens, such as 
R — C^C — ^X, p-amino-aryl halides, certain o-halogenated ketones, etc. 

Pseudo-looic Reactions. The rates and mechanisms of many re- 
actions between covalent molecules are similar to those observed in 
simple ionic reactions. There is no fundamental distinction between 
the reaction of an alkyl halide with an amine, and that with an ionized 
metallic salt. In this type of reaction, also, optical inversion takes 
place and not racemization. However, it is frequently observed that 
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reactions between covalent molecules are greatly facilitated by the 
presence of media or catalysts that are capable of giving rise to codrdina- 
tion complexes.^ This suf^ests that intmtdianges between covalent 


R'- 

\ 

B»N: + HO-X 

/ 

R 


/ 

R,N— CH 

\ 


Rn+ 


R 


X- 


bonds may occur as the final stage of a mechanism that is initiated by 
a codrdination process. 

The formation of unstable codrdination complexes will tend^ accenr- 
tuate or diminiah polarization effects and will increase the opportunity 
for dynamic contributions of multiple bonds and unshiEired electron 
pairs. The presence of an unstable electronic riiell in the complex in- 
creases the electron mobility, and the proximity of the reacting molecules 
about the codrdination center allows a suitable approach of covalent 
systems in the form of loosely bound cations and ions. The effect of 
zinc chloride in promoting the formation of alkyl halides from primary 
alcohols and halogen acids may be taken as an illustration. In the ab- 
sence of zinc chloride, a simple ionization of the halogen acid tak^ place 
but the rate of formation of alkyl halide is extremely slow. The intro- 


R— OH + H— Cl 
ZnCU + a- + R— OH 
HQ “1- 


R— O—Zn— CJl 


a, Y'fduft 
> 



Coiniilsz fj-pipp 


[R— 0H*]+ a- 
complex anion 


R-Ca + [HO— ZnCl,]- 

ina 

H|0 + ZnCli + 0“ 


ductkm of zinc diloride makes possible the formation of an unstable co- 
ordination complex such as [R — OHZnCla]", in which an incipient 
alkyl cation and chloride anion are brou^t into dose contact. 
By an a,r-shift within this complex the alkyl halide is produced, and 
since the latter has little tendency to codrdinate with zinc chloride it is 
liberated from the complex. Action of the halogen add upon the basic 
zinc complex regenerates the catalyst, and the <^de can be repeated. 

The factors influencii^ the formation and the behavior of cofirdi- 
nation complexes are rather obscure, but certain general features can 
be recc^nized. Owing to the circumstance that the transition elements 

W Mritfmhrimer anil odlabontora, Ann., 4tt, 180 (1026) ; MeerWMn, Aim., 458, 227 
(1027). 
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cannot produce cations of an inert gas configuration by simple ioniza- 
tion, tbese elements show a marked tendency to increase their val^ce 
shells by coordination with unbred electron pairs of ions or covalent 
molecules. Compounds of the transition elements are, therefore, paiv 
ticularly active acceptor centers. Elements in groups II and III of the 
periodic table also diow marked tendencies to form coordination com- 
plexes, but the alkali metals do so with much less facility. The relative 
sizes of the potential donor and acceptor centers, and other steric factors, 
appear to be of conmderable significance also. In general, the formation 
of stable complexes is more likely to occur when liie acceptor and donor 
centers are of approximately the same size. 

There is evidence to support the hypothesis that a number of orgamc 
reactions, including certain molecular rearrangements and addition 
reactions, may occur throu^ an ephemeral cyclization within the jpti- 
mary reaction complex by means of a subsequent intramolecular co- 
ordination (chelation, p. 1868). The rearrangement of allylic halides,’" 
certain reactions of Grignaid reagents,” and many other reactions may 
involve a process analogous to the following; 

CH— CRi 

/ \ 

CH, X 

/ 

Y— M 

H 

I . ■ 

CH, Znr-Cl 

I I 

lucH a 

It is difficult to formulate the fugitive chelate complex with the usual 
valence symbols, and the intermediate cyclic form must be regarded 
merely as a symbol for the sequences of eleetron displacement that 
occur and not as a structural formula. The process corresponds to an 
electrical drcuit that is started by the initial codrdinatkm of X with 
the center M, and is completed by rupture of the bond between X and 
CR 2 . Other example of cyclic reaction mechanisms are discussed in 
connection with dhelate rings (p. 1879). 

** Csroliteta and Bwdtat. J. Am. Ckem, 8ocn H, 2810 (ie88)« 
n Johnson, ibid., S8, 3029 (1038). 


CH^CR, 

CH. VX Y— CHr-CH=CR, + MX 
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I 

/S\ R,C==CH, 

CH, Zn— a 

I'*. I + H,0 + ZqC3, 

R,O^H*-Cl 
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CHELATE RINGS 


The term chelate riog denotes a cyclic structure that arises through 
intramolecular codrdination in systems containing a donor and acceptor 
center, as in salicylaldehyde (I) and the covalent copper salt of glycine 
(II), or a ring that is formed by intermolecular codrdination in i^stems 
that are capable of forming two or more codrdinate links. The dimers 
of the carboxylic acids (III), and a variety of metallic complexes derived 
from ethylenediamine (IV) or anions of dicarboxylic aci^, ^ repre- 
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sentatives of the intermolecular type. The name “chelate” is derived 
from the stem chela, a pincer-like claw, and was proposed in 1920 by 
Moigan and Drew.® The existence of ring structures in the codrdina- 
tion complexes of ethylenediamine and similar compounds had been 
known much earlier, but recognition of the importance of the phenome- 
non of ring closure by codrdination and its bearing on chemical prob- 
lems appears to have been due largely to the work of Moigan and his 
collaborators.® They showed, for example, that mordant dyes are 
chelate structures and that the ability to dye doth mordanted with 
metallic salts is due to structural features of the dye that permit chela- 
tion to occur. 

It must be recognized that the process of forming a chelate ring is 
the same as that leading to the ample open-diain codrdination com- 
plexes. Indeed, some chelate systems differ very little from the open- 
chain analogs. However, the chelate rings of special interest in organic 
chemistry are those in whidi the (^clization makes posable the occur- 
rence of resonance ^ects, or serves to alter preexisting resonance effects. 

^ Morgaa and Drewt J, Chem, 8oe.f 117, 1457 (1920). 

** Morgan and Main Smith, /• 8oc. Dyers ColowristSt 41, 233 (1926). 
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The existence of chelate stractures cannot be doubted; it is supported 
by experimental evidence derived from stereoisomerism, ionisation phe- 
nomena, molecular association, solubility behavior, and spectroscopy. 
Probably the most convincing evidence for the ability of hydrogen to 
become 2-covalent is afforded by the demonstration t^t hydrogen can 
take part in the formation of chelate rings. 

In certain ortho-substituted phenols the presence of chelate ring 
structures vras postulated by Sidgwick* to account for the fact that 
whenever the substituent has the structure necessary to form a six- 
membered chelate ring (as — CO — ^H, — CO — ^R, — CO — OH, — ^N02, 
etc.) the ortho isomer differs markedly from the meta and para in physical 
properties and is always less highly assodated. The ortho isomers are 
less soluble in water, are more soluble in benzene, and have a lower 
boiling point. 

Although much evidence for the existence of chelate rings involving 
^^valent hydrogen has been adduced from considerations of simple 
physical properties, the most convincing demonstration has come 
from infra-red spectroscopy.** It has been found that absorption in 
the region characteristic of the hydroxyl group (6200-7500 cm.~^) is 
absent for a large number of compounds having configurations that 
would favor formation of a chelate ring containing the hydrogen bond 
O — *—0 or O — *— N. The characteristic hydroxyl absorption was 
retained in related compounds where the constitutions or configura- 
tions excluded the formation of such bonds. Thus, tiie charactoristic 
absorption was absent for phenols containing ortho substituents such as 
— CO — ^H, -^CO — CH3, — ^NOa, and — CO — ^NHg, but was present in 
the meta and para isomers. Absence of hydroxyl absorption (in 0.1-0.03 
molar solutions in carbon tetrachloride) was noted for acetylacetone, 
benzoylacetone, and dibenzoylmethane, but not in compounds where 
dielation is excluded on steric grounds. 


CHr-C— 0 

/ I 

HC H 

\ X 

CHr-C=0 

Chelated enol 


CHi 




CH,‘ 




CHs-Ci 


Ha — 0 



Cbdation eaduded on eterie grounds 


The presence of more than one hydrogen bond within a molecule k 
shown by the absence of hydroxyl absorption in 1,4- and 1,6-dihydroxy' 
anthraquinone, and l,44ihydroxy-5, 8-naphthoquinone (naphthazarine). 
Other interesting examples of the formation of two hydrogen bonds are 
afforded by 2-naphthol-l-sulfone and 2,2^-dihydroxybenzophenoiie 

Hubert. Wulf, Hendrioks. and liddel. J. Am. Chem. 8oe., B8» 548. 1991 (1938). 
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llie fonner shoira also that oi^gen atoms hdd in semi-ionic linkage 
vith sulfur can participate in forming intramolecular hydrogen bonds.** 



There is evidence that the chelation of hydroxyl groups ortAtf 
carbonyl or nitro groups in aromatic systems is accompanied\by an 
increase in color, which may be interpreted as a tendency for theWhela- 
tion to develop a quinonoid structiu^ within the aromatic ring.\ The 
resonatii^; forms of a typical o-hydroxyaryl ketone correspond to 
benzenoid and quinonoid structures, and the color may be considered 
to be a contribution of the latter. Thus, 2-methoxybenzophenone can- 
not undergo chelation and is colorless, but 2-hydroxybenzophenone can 
form a chelate ring and is pale yellow in color. The introduction of an 


Bensenoid form Quinonoid form 





0-*H— O 




I II 
0-H+-0 


orOu> hydroxyl fpxtup into the adjacent ring, as in 2,2'-dihydroxybenzo- 
phenone, ^ves a double chelation that is accompanied by a large increase 
in quinoidation, and the compound is bright yellow. 

Metallic derivatives of the enolic forms of jS-ketonic esters, /S-dike- 
tones, and aimilar tautomeric systems may be ionized salts or covalent 
chdate rings. The anhydrous form of the sodium derivative of benzoyl- 
acetone behaves as a t 3 q)ical ionized salt (I) and is insoluble in hydro- 
carbons, but it f^ms a dihydrate which is soluble in toluene and is 
clearly a covalent molecule containing a chelate system (II). Similar 
covalent dihydrates are formed by the lithiiun derivative of benzoylace- 
tone and of methyl salicylate, and by the sodium derivative of aceto 


Cjar-0— O' 
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acetic ester. A dichelate system of spirane t 3 rpe is present in the beiyl- 
liiun derivative of acetylacetone (III), and trichelate systems occur in 
the corresponding aluminum and silicon derivatives. 

CHa — C — O 0“=C — CHa CaHa — C=0 O — C— C!OiH 

/\/\ 

HC Be CH HC Be CH 

\/’\-/ \/\/ 

CHa— C=0 O— C— CHa HOaC— C— O 0=C— CaH, 

m IV 

Convincing evidence for the existence of the chelate structures is afforded 
by the fact that the copper and beryllium derivatives of benzoylpyruvic 
acid (lY) have been resolved by Mills and Gotts into optically active 
forms." 

Sidgwick * has devised a convenient classification of chelate rings into 
three types, on the basis of the nature of the bonds that are present in 
the cyclic system.* Rings in which the coordinate link becomes iden- 
tical with a normal covalent bond as a result of chelation are designated 
as type A; those containing one or two definite codrdinate linkB are 
denoted as tjrpes B and C, respectively. The ring t 3 rpes are not always 
sharply differentiated, and frequently, in the liquid state and in solutions, 
the chelate systems exist in equilibrium with a non-chelate structure. 
In some cases electromeric (resonance) effects within the system render 
the classification doubtful. 

Tjqte A. These rings result from the chelation of ions and arise 
throu^ the inabUity of the central atom to form additional covalent 
linka except by coordination. They are generally quite stable and, in 
addition to the usual five- and six-membered systems, may contain 
(ydes of four or seven members which are found rarely in other types of 
chelate rings. 

The double carbonates and sulfates of beryllium afford an illustra- 
tion of four-membered rings of this class (I). Five-membered rings 
occur in various derivatives of catechol (II); tix-membered systems, 
in the bis-piperidinium salts (III) and in the iMrosalicylates (IV). All 
these are relatively stable, and the chelate structures of the last three 
havS been confirmed by resolution into optically active forms. 

(certain 1,2-^ycolB form five-membered chelate ring stnictures in 
aqueous solutions of boric acid. The effect of the chelation is to pro- 
duce a large Increase in the acidic strength of the boric arid, owing to 

*• Mffls and Ootta, J. Chem. Soe., 3121 (1926). See, alacK Ompter 4, p. 432. 

^ For an exoellant and oomprehansiva survey of c h elate riniKS see Diehlt Chem* Rev,, Sl» 
89 (1937). In his survey the systems are classified as bidentate, tridemtate, etc., on the 
basis of the number of codrdmating groups involved. 
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the enhanced stability of the chelate anion. It has been obsen^d, as 
might be expected, that the spatial configuration of stereoisomeric 

1.2- glycols has an influence upon the tendency to form the chelate struc- 
tures (p. 447). The cis form of cyclopentanc-l,2-diol or hydrindane- 

1.2- diol is found to increase the acidic strength of boric acid, but the 
trans form does not; the racemic form of hydrobenzoin has a positive 



R — CH — ^ 
CH— CK CH— R 


R— CH- 


CH»CO»H 


Chelate eaten of boric and arsonoaoetic acids 


effect, but the meso fonn is without effect. The steric and constitu- 
tional requirements for the chelation are not perfectly clear, once many 
aliphatic 1,2-dioIs (ethylene glycol, 1,2-propylene glycol, and pinaool) 
have no effect on boric acid and in some cases both pairs of optical 
enantiomoiphs, or cis-trans isomers, produce the same effect.** The 

1,2-glycols ff lani form chelate structures with arsenic add and with 
arsonoaoetic add.*^ 

Cyclic oxonium compounds, such as the pyrylium and pyroxonium 
salts (p. 1836), may be r^arded as a special case of chelate structure 
of type A. They are analogous to the bis-pTperidinium compounds in 
that the stability of the ring structure is associated with the presence 
of a cationic charge produced as the result of a coSrdination process. 
With the pyroxonium compounds the ring structure can pdsist in the 
absmoe of an electrical charge, but shows a strong tendency to go over 
to an opeiwshain carbonyl compound (undw the influence of alkalies). 

WBSfiBekm and ocdlaboiatOTSf Rec. Irov. S9t 186 (1920); 40, 626, 668 (1921), 
41, 827, m (1922). 

*1 J. pnM. Chem., 189, 121 (1929). 
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T^ipe B. In these systems an atom is held in the ring on one side 
by a nonnal covalent link and on the other by a codrdinate link. The 
rings are usually less stable than the preceding tsrpe and always contain 
either five or six members. The type B chelate structures most fre- 
quently encountered are five-membered rings containing one double 
bond, and five- or six-membered rings containing two conjugated double 
bonds. The conjugated rings of this class are probably the most exten- 
sive group of chelate structures. 

The covalent metallic derivatives of o-ketonic acids, o-amino adds, 
o-nitrosophenols, mono- and dioximes of o-quinones and 1,2-diketonea 
(dimethylglyoxime, benzil mono- and dioximes), benzoin oxime, 
2-pyridyl ketoximes, and 8-hydroxyquinoIine are familiar examples of 
five-membered rings of type B. The oxime complexes have been for- 
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Chelate nickel derivatives o£ oxhnes 


mulated as six- or seven-membered ring structures, but there is now 
definite evidence from stereochemistry for the five-membered ring. 
It is found that the formation of stable metallic complexes occurs only 
when the configuration is favorable for the structures given above. 
Thus, complex salts are produced readily from the antirCHOR form of 
benzoin oxime, the a7i^z-2-pyridyl form of 2-pyridyl ketoximes, and the 
antiriovm of benzil mono- and dioximes; the syvrloxxm of these oximes 
do not yield metallic complexes.*® 

Although the saturated compounds (glycols, amino alcohols, dia- 
mines, etc.) that could give rise to rings of this type may undergo chela- 
tion to some extent, it appears that intermolecular coordination (asso- 
ciation) to form open-chain structures occurs more readily. Saturated 
five-membered rings of Type C are present in metallic complexes formed 
from 1,2-glycols, 1,2-amino alcohols, and 1,2-diamines, but there is little 
evidence to support the view that these substances form Type B chelate 
rings involving 2-covalent hydrogen. Crystal structure analysis of a 
number of compounds indicates that the valence angle of 2-covalent 
hydrogen is 180" and that a distance qf about 2.6 AngstrSm units 
for tile O— H ^ O or O — N systems is favorable. The chelate 

* and Tb^ker, in Freudenberg’s “Stonocbemin,” Deotieke, I«q>rig 

and Vienna (1983), pp. 1039 ff. 
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foraas of saturated l,2-diol8 (I) and related types, and of analogous 
aromatic compounds (II) where a double bond is present, would involve 




Chelation restrioted by ring strain 


U 


H— OH 




large deviations from the normal valence angles and would thermore be 
relatively unstable. Evidence from infrarred spectroscopy sho\U that 
the characteristic hydroxyl absorption is present in compounds ^ch as 
catechol and benzoin, but other physical properties of catechol and 
o-aminophenols suggest that chelation may occur to some extent. 

Saturated l,3-glycol8 and d-hydroxy carbonyl compounds fulfill the 
necessary geometrical considerations for the formation of six-membered 
rings containing hydrogen bonds. However, it is evident that these 
conditions alone do not suffice since typical examples of such compounds 
OS-hydroxybutyraldehyde, and esters of tartaric acid) show absorption 
in the region characteristic of the hydroxyl group. In these cases the 
diminished tendency to form intramolecular hydrogen bonds may be 
attributed to the freedom of rotation about the single bonds and the 
absence of stabiliring resonance effects that can occur in the correspond- 
ing unsaturated types (enol forms of 1,3-diketones, etc.). 

Six-membered rings containing two conjugated double bonds and 
one cofirdinate link are very frequently encountered and are probably 
the most important chelate rings in organic chemistry. Owing to the 
favorable steric relations and the intervention of resonance effects, 
these rings are relatively stable. Either hydrogen (becoming 2-covar 
lent) or a metallic atom acts as the acceptor center, and nitrogen or 
oxygffli acts as the donor atom. Typical examples of chelation tluough 
hydrogen are the o-substituted phenols (p. 1868) and enolic forms of 
/9-diket(mes, ^-ketonic esters, and other tautomeric systems. Many of 
the metallic derivatives of these substances form imusually stable cova- 
lent chelate structures; the beryllium, aluminum, copper, .ai^d certain 
other metallic derivatives of acetylacetone can be distilled without 
ap|»eoialde decomposition. 

Boron and rilicon give stable chelate cations with acetylacetone 
and omilar ccanpounds. The alkali metal derivatives of acetylaoe- 
tene, and ci enolic systems in general, are usually opennihain ionized 
salts and show little tendency to form chelate structures (lithium> 
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sodium > potassium). However, in these compounds the st(d>ility of 
the chelate form may be increased by further codrdination with a mole- 
cule of the free diketone or with a solvent, as in the covalent dihydrates 
already dted (formula II, p. 1870). 



Cb^te cation Chelate lithium enolate 


A number of six-membered rings of this class contain oxygen and 
nitrogen, and occasionally sulfur. Several of the typical chelate sys- 
tems containing nitrogen are shown in the general formulas, I-VI, 
where M may be hydrogen or a metal and one of the double bonds is 
frequently part of an aromatic structure. Formulas I and II represent 

O 

T I 

— C 0 — “C 0 — C N— 
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\(y^ ^ 0^1 

Resonating forms of six-mcmbered conjugated rings 

o-nitrophenols; similar types appear to be formed also by o-hydroxysul- 
fones. Formulas III and IV include )3-aminocrotonic esters, indigo, 
anila of o-hydioxy aromatic aldehydes, and o-amino aromatic carbonyl 
compounds. o-Hydroxyazo compounds, hydrazones of oc-ketonic esters, 
and memohydrazones of 1,2-diketones are examples of formulas Y 
and VI. 

■ typt C. 'RiT'ga containing two codrdinate Imks are genially the 
least stabfe of the three types owing to the fact that rdatively stable 
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molecules (or ions) are formed when the ring is broken. The most 
common examples of this type are encountered in complexes involving 
a powerful coordination center such as cobalt, nidcel, iridium, or plati- 
num. Five* and ^-membered rings are found in the comply ammines 
containing ethylenediamine and trimethylenediamine, 1,2,3-triamino- 
propane, 2,2'-bipyridyl, 2-aminomethylquinolines, etc. 

Evidence that the saturated five-membered rings are formed more 
readily than rimilar sk-membered rings is afforded by the mode of chela- 
tion in the compoimd of platinum chloride and 1,2,3-triaminoiDropane. 

HsC— NHjv^ \ 

PtCh HjN— CH Pt(|a4 

NHr- CHr— NH/^ \ 

H ^ 


The isomeric five- and six-membered cycles differ in that the former 
has an asymmetric carbon atom and the latter has not. The product 
was resolved by Mann and Pope and consequently must have a five- 
mcmbered ring structure. 

Cl Cl Cl 

\ ./ \ / 

A1 A1 

/ \ /• \ 

Cl Cl Cl 


A good deal of evidence supports the view that the dimeric covalent 
halides of the trivalent metals, such as aluminum and ferric chlorides, 
are four-membered rings of this type. Since aluminum and iron are 
able to assume a plane configuration for four covalences the strain in 
these four-membered chelate structures is reduced. Eight-membered 
rings containing two coordinate bonds and two double bonds occur in 
tibe dimers of the carboxylic adds. Owing to the circumstance that the 
valence angle of 2-covalent hydrogen is 180 the qmimetrical eight- 
membered ring (formula III, p. 1868) involves no greater strain than a 
six-membered ring.* The chelate structure accounts for the observed 
low dipole moment and the fact that polymerization does not proceed 
bt^ond double molecules. 

Lewis and Schutz* have made the interesting observation that 
replacement of Ihe acidic hydrogen of acetic acid by its heavier isotope, 
deutmum, brings about a decrease of acidic strength and a dight 
increase in vapor pressure. Both these changes are attrilnited to a 

*• Mann and Pope, Nature, 119, 361 (1927) ; Mann, J. Chem, Sac., 1224 (1027). 

^ Sidgwick, Ann. JUpU. Chem. Soc. {London), 30, 115 (1933). 

Lewif and Schuts, J, Am, Chem, Soc., 96, 493, 1002 (1934). 
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greater stability of 2-covalent deuterium, which results in an increase 
in the extent of association to form dimeric molecules. 

Polydentate Chelate Rings. Organic molecules containing two 
coordination centers frequently give rise to di- and tricyclic systems of 
spirane type, as indicated in a number of structures previously cited 
(e.g., formulas III, IV, p. 1872). When three or more codrdination cen- 
ters are present, condensed chelate structures may be produced, and 
these have been designated as tri- and quadridentate systems. A triden- 
tate structure, analogous to the condensed rings of naphthalene, is 
present in the metallic complexes of diethylene triamine (I), and a quad- 
ridentate system (II) in the complexes from bis-acetoacetonyl ethylene- 
diamine.^ 
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A particularly interesting quadridentate structure is produced from 
the phthalocyanines; these metallic complexes are obtained readily by 
the action of iron or magnesium oxide upon o-cyanobenzamide and 
derive their imme from their deep blue color.“ There is a close struc- 
tural resemblance between the phthalocyanines and the porphyrins, 
which form the basis of many important natural pigments (hemoglobin, 
chlorophyll) and have been shown to contain the “porphin” ring system. 
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— Morgan and Main Smith, J. Chem, See,, 912 (1920). 

** T-iriiifaM.4 and ooUaborators, ibid., 1016, 1031, 1033 (1934) ; ilnn. Septa. Cham. Sac 
(XMndon), SS, 361 (1935). 
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The synthetK phthalocyaoines bear a dose analogy to the natural 
porphin structure, but are different in two features: each of the four 
pyrrde units of the phlhaloc^anines bears a condensed benzene ring in 
3,4-poBition8, and the unite are connected by nitrogen instead of CE 
groups. These differences do not influence the molecular configuration 
or stability seriously, and there are strong resemblances between 
them. Both are stable to alkalies, less so to acids; both are highly 
cobred and form metallic complexes of similar stability. Thus, the 
magnesium derivative of a porpW type (phjrtochlorin, phytorh6din) or 
a phthalocyanine is intermediate in stability between the potassium 
salt, which is de-metalated in dilute alcohol, and the very stableWpper 
derivative. \ 

Orientation Effects of Chelation. A definite influence of the\ effect 
of conjugation in a chelate structure upon the mobility of the (rouble 
bonds in an aromatic system has been demonstrated by Baker and 
his collaborators.^ Physical properties indicate that 2,4-diacetyl- 
resorcinol (I) is fully chelated and that this has an effect of fixing the 

CH, CH, 




I. 2,4-Diacetylre8oreinol (phenaathrene tsrpe); 
in.p. 89^ b.p. 168 VlO mm.; volatile with ateam. 



II. 4,6-Diaoetyliwaorcinol (anthracene type); 
fii.p. 182°. b.p. 188 V^O mm.; non-volatile with steam. 


podtions of the double bonds of the aromatic structure (p. 140). In the 
isomoic 4,6-diacetylresorcinol (II), the chelation a; 9 >ear 8 to be less conr- 
plete since tibe effects of the chelation upon the double bonds in the 
aromatio ^3rstem would oppose each other, and effective particdpation of 
the aromatic ^stem would require jbhe production of a pom-bridged, 
quinondid structure. The two systons are anak^ous to i^henanthrene 

** Btker and ooOabonton. /. Chem. Soe., 1684 (1934) ; 628 (1935) ; 274, 346 (1936). 
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and anthracene, respectively, and thwe should be little or no fixation of 
the anomatic double bonds in the 4,6-isomer. 

On the basis of the chelation theory Baker predicted that in tiie fties 
reaction 4-aceto37-2-hydroxyaoetophenone (I) should give 2,4-diacetyl- 
resorcinol rather than the 4,&-isomer. The reaction was found to give 
about 60 per cent of the predicted product and 40 per cent of the 4,6- 
isomer. This result indica^ a marked orientation effect since the 
methyl ether of 4-acetoxy-2-hydroxyacetophenone (II), which cannot 
be chelated, gives almost entirely the 4,6-derivative. 

Similar effects were observed in the rearrangement of 4-allyloxy-2- 
hydroxyacetophenone. The principal product was the 3-allyl deriva- 
tive, but if the original compound was methylated before rearrangement, 
the allyl group entered the 5-position. 




The influence of chelation upon the alkaline cleavage of N-acylated 
benzoin oximes has been su^sted by Blatt ^ to account for marked 
differences in the behavior of the and /3-forms. The facile cleavage 
into benzonitrile and benzalddiyde occurs only with the a-(ontf-CHOH)- 
forms, and the /S-forms are merely deiuiylated by alkalies. Examination 
of isomeric N-acetylated o-hydroxybenzophenone oximes reveals a sim- 
ilar effect; only the OTi^^hydroxyaryl forms undergo smooth rearrange- 
ment to benzoxazoles and the sy»-forms are amply deaeylated. 

Chelation in Chemical Reactions. It has beai stated that the power- 
ful catalytic effects of certain metals and salts may be attributed to the 
formation of unstable coordination complexes, and in certain cases the 
observed course of reaction su^ests that a transitory chelatkm takes 
place in the unstable complex (p. 1867). This hypothesiB affords a new 
point of view for the interpretation and correlation of reactions that 
are not adequately elucidated by the conventional mechanisms. Spe- 
eific applications of the hypothesis of transient chdatirm may be illus- 
trated by a contideration of certain '^abnormal” reactions of Grignaxd 
rei^ents (pp. 516 and 1881). 

« Blatt, Banm, and BuaMll. J. Am. Chem. <8oe., ST, 1330 (1035) • SB, 1900, 1003 (103ffi 
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Studies of the behavior of benzyhnagnesium chloride toward a 
variety of reactants have shown that certain carbonyl compounds (form- 
aldehyde, ethyl formate, acid chlorides, and anhydrides) give rise to 
o-tolyl derivatives, but a number of others (carbon dioxide, ketones, and 
t3rpical esters) produce only the expected bemsyl compounds.^ The 
experimental evidence shows clearly that the reactant itself plays an 
important role; the assumption of dynamic isomerism between a normal 
and o-quinonoid form of the Grignard reagent, or rearrangempt of a 
/r66 benzyl anion in the course of reaction, does not give a satisfactory 
account of the observed results. There is also definite evidencel against, 
either of these assumptions. \ 

On the basis of the chelation theory,^^ the normal and abnormal 
reactions are regarded as two possible courses of transposition witW the 
initial coordination complex which is formed as the first step m all 
Grignard reactions. A carbonyl compound A — CO — combines with 
the Grignard reagent, by means of an unshared electron pair of the 
carbonyl oxygen, to give the initial complex I. The coordination 
process 0=0 — > Mg tends to favor electron withdrawal by the benzyl 
group in the link Mg — CH2C6H5, and to promote in the carbonyl ^oup 

an electromeric displacement C =0 which would leave the carbon atom 
with a sextet of electrons (marked by an asterisk, formula II). The 
normal Grignard reaction occurs by a direct a,7-shift of the benzyl 
group with its binding electrons, and without internal rearrangement, 
to the deficient carbon of the carbonyl system. The octet of the magne- 
sium atom is completed by the usual coordination with ether, and the 
stable normal product results (III). 
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3Hr-0-0— J^g— X 


The abnonnal reaction arises as a result of the ability of the allylic 
system in the Grignard reagent to forestall the normal reaction by fur- 
nishing the mobile electron pair of the ort^o-double bond to the deficient 
carbcm atom. The ephemeral chelate ring is broken by rupture of the 
magnesium-carbon linkage (and codrdination of the magnenum with 
etiier) to give the product V. 

M Oihaaa and Xirlijr, 54 , 346 (1032) ; Austin and Johnwn, ibid., 54 , 547 (1032^ 
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In aliphatic allylic systems the reaction may go no further, but with 
the aryl compounds a proton shifts to the side chain and completes the 
conversion of the benzyl group into an o-tolyl group. The tendency of 
a series of carbonyl compounds to bring about the abnormal reaction 
is clearly influenced by the nature of the atoms A and B, and parallels 
the reactivity in typical carbonyl reactions: the most active carbonyl 
compounds favor the abnormal reaction. 

The allylic rearrangements observed by Pr6vost in the reaction of 
R— CH=CH— CHgBr and R'— MgX, to give R— CHR'— CH^CHa 
and the normal product R — CH==CH — CHa — ^R', may be explained by 
a mechanism analogous to that given above. In these cases the allylic 
group of the reactant is responsible for the abnormal reaction; further^ 
more, the process is arrested at the stage corresponding to structure Y. 
Obviously the double bond is less mobile here than in an o-quinonoid 
structure. Other Grignard reactions that appear to involve an ephem- 
eral cyclization are the 1,4-addition reactions of a,j8-unsaturated ketones 
and esters,^ and o-phenylations of benzophenone anil^® and highly 
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Abnormal reaction of Grignard reagents and allylic halides 


substituted a, jS-unsaturated ketones “ by forced reaction with phenyl- 
magnesium bromide. 

In the initial complex derived from an oHS-unsaturated carbonyl 

« PrfivDst, .Ann. ekim., [10] 10, 121 (1928) ; Prfevost and Dsujat, BvU. too. cktjn., [4] 
47, 688 (1930) ; see, also, Carotiiers and Berohet, J. Am, Chem. Soe., 68, 2813 (1933). 

« Kohler, Am. Chem. J., 88, 611 (1907), and later papers; see also, pp. 606 and 672. 
s* Oilman, Kirby, and Kinney, J . Am, Chem. doe., 01, 2252 (1929). 

M Kohler and Nygaaid, ibid., N, 4128 (1980). 
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compound (I) two courses of reaction are possible: G) the ^‘normal” 
a,TrHshift of the Grignard group R to pve i,2^dition; (ii) shift of the 
R group (ephemeral cyclization) to the /3-carbon of the carbonyl system, 
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R 


I. 1.4-AddHinn 


C.H, 

II. ortAo-Phenylation 


in concurrence with an electron drift toward the carbonyl ^up. 
In this type of reaction it is observed that the most reactive carl^yl 
systems (aldehydes) (p. 1921) favor 1,2-addition, and less reactive types 
(—-CO — CeHs, — CO — OR) 1,4-addition. o-Phenylation (II) of an 
aryl group attached to the carbonyl system occurs only when steric 
factors interfere with the 1,2- or 1,4-addition. 

The chelation hypothesis is of rather general application and is not 
restricted to abnormal reactions. The O- and C-alkylation of meta,llic 
enolates represents alternative courses of reaction that are analogous to 
the examples given above: a, 7 -shift leads to 0-ethers, and the cyclic 
medumism to C-alkylaGon. The Kolbe synethesis and the Reimer- 
Tiemann reaction may also be formulated by a cyclic mechanism." 
It may be pointed out, however, that the mere circumstance that a 
plausible cyclic mechanism can be written for a reaction does not in^- 
cate per ee that the reaction can take place only by a cyclization process. 
Thus, the rearrangement of the aUyl phenyl ethers " may occur by 



an intramolecular ((^clization) process, but it may also takejilaoe by 
an intermolecular alkylation." The chelation hypothesis of transient 
igrcCBation has this advantage: it offers a definite basis far predicting 
or correlating tiie influence of structural factors, or variations in experi- 
sfaBintal con<flti<»QS (nature of the medium, etc.), upon the course cS a 

" iassM, BepU. Chtm, Boe, (Zioiufon), SS, 134 (MSB) ; aw, alao, Taibell, Chan. 

405 (1940). 

' ** j. 4m. Chem. Soa., SS, 717 (10S4) 
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giveD'i<toot3on. In a number of instances the observed efiects axe in 
good agreement -with those anticipated from theoretical considerations. 



Intramoleoular rearrans^nent (cyclic) 



Intermolecular alkyation 


In the rearrangement of benzyl and a-furfuryl phenyl ethers the partid* 
pation of the allylic double bond in the cyclization (intramolecular) 
mechanism is diminished by virtue of conjugation in the ring system 
of benzene or furan, and consequently the intermolecular mechanism is 
favored. In both these cases the “rearrangement” is observed to 
occur preferentially in the para-position, and a certain amount of the 
para-alkylated fether and free phenol can be isolated from the reaction 
mixture. 


ELECTRONIC CHARACTERISTICS OF TYPICAL BONDS 

Unsyiiimetrical Single Bonds. If the single links of carbon with 
other elements are r^arded from the standpoint of the electronic conr 
figuration of the valence shell of the hetero atom in the compound, th^ 
fall into three broad classes: (1) links in which the hetero atom has an 
incomplete valence shell and would require one, two, or three additional 
electron pairs to form an octet; (2) those in which the hetero atom has 
a completely diaired octet (doublet, in the case of the C — H link) but is 
capable of innrenHing its covalence and acquiring addition^ shared elec- 
tron pairs by coordination; (3) those in which the hetero atom has an 
octet containing one, two, or three unshared dectron pairs. The first 
category embraces atoms in Groups I, II, and III of tire periodic table; 
the second, hetero atoms in the hi^er periods of Gro^ IV; and tiie 
third includes heto?o atcons in Groups V, VI, and Vll. 
bond ond un^mmetrieally substituted G— C bonds may be r^pudsd 
«« i^teoial ottseti ip tlic second dass, but they m<^t indhddual 
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ation. Typical examples illustrating the general classification are 
shown below. 

TABLE XVI 

Classification of Links Betwskn Cabbon and Hstero Atoms 


ClasB 1 
Li— C 2 H 6 
C 2 H 6 — Be— C 2 H 6 
C2HB— Zn— CaHs 
(C2Hfi)2B — C2H6 
etc. 


ClCLBB 2 

(C2H6)3Si— C 2 H 6 
(C2H6)3Ge— C 2 H 6 
(C 2 H 6 ) 8 Sn— C 2 H 5 
(C2H6)3Pb-C2H6 
etc. 


ClOBB 3 

(C2H6)2N— CaHs 
C 2 H 5 — O— CaHs 
F— C 2 H 6 
I— CaHs 
etc. 


Class 1 (Groups I, n, ni). In links of the first class^ owing\to the 
lower effective nuclear charge of the hetero atom relative to caipon, a 
permanent inductive displacement (I,) will occur toward the ciarbon 
atom. These hetero atoms will be considered to exert a negative induc- 
tive effect upon the carbon atom, and the latter a positive effect on the 
hetero atom. When these links are ruptured in the course of reaction 
the inductive effects will facilitate the separation of the organic group 
mth the binding pair of electrons, but the mechanism of reaction involves 
a consideration of the contribution of coordination processes and of 
polarizability effects. < 

A rough estimate of the amount of ionic character in the bonds of 
carbon with various metallic elements can be obtained by using Pauling’s 
empirical curve relating the amount of ionic character to the difference 
in electronegativities of the atoms (xa — m)- The amount of ionic char- 


TABLE XVII 


Link 

(xc — Xjii) 

Ionic 

Character, 
per cent 

Os — C 

1.8 

55 

K— C 

1.7 

50 

Na— C 

1.6 

47 

Ii-€ 

1.5 

43 

Ca— C 

1.6 

43 

Mg-C 

1.3 

34 


Link 

(xc — SCJtf) 

Ionic 

Character, 
per cent 

Be — C 

1.0 

22 

Al-C 

1.0 

22 

Sn— C 

0.8 

15 

Ge— C 

0.8 

15 

Sb— C - 

0.7 

11 

B— C 

0.5 

6 


acter estimated in this way merely indicates the general trends and does 
not take into account the influence of substituents on the atoms involved 
the link. 

sin ethylsodium, and the alkali alkyls in general (p. 525), the normal 
state of the molecule is essentially electrovalent. The decomposition 
ethylsodium, at temperatures l^low 100^ into sodium hydride and 
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ethylene may be attributed to the instability of the free ethyl anion.** 

Na+[:CH?U3H,]~-» CHf==CH, + Na+[:H]- 

The alkali alkyls are valuable diagnostic reagents for proton mobilityi^ 
and their high proton affinity, or nucleophilic activity in a broader sense, 
is likewise to be associated with the intervention of alkyl anions. The 
separation of free hydrocarbon anions cannot be doubted in the case of 
the a-phenylated alkyls; benzylsodium and its analogs are highly 
colored substances, and their solutions in appropriate media are elec- 
trical conductors. 

The reactions of the alkali metal compounds are not usually t3rpical 
of the behavior of the links of other hetero atoms in this class, and in 
general the assumption of free hydrocarbon anions as intermediates is 
dubious and unwarranted by the experimental facts. Reactions ef the 
typical links appear to involve two steps: the formation of a primary 
unstable coordination complex in which the hetero atom acts as an 
acceptor, and a subsequent migration (usually an a,7Hshift) of the 
nascent hydrocarbon anion vnthin the complex. There can be little 
doubt that the initial step in the typical reactions of the Grignard 
reagents is a coordination process in which the magnesium acts as an 
acceptor and the reactant furnishes an active donor center; much 
experimental evidence supports the view that nearly all the hetero atoms 
in this class act in a similar way. 

CH,-Zn-CH3 + R-I > CHa-Z n* f-R ► CHa-Zn-I + E-CH* 

-shift 

CHs-Zn-CHs + H-O-R — ^ 9 -R ► CHj-Zd-OR + H-CH, 

CH3 .OR2. 

CHa-Zn-CH, + 2R-0-R ► 

In the presence of donor reactants the alkali metal compounds may 
behave in the same fashion, and in solutions in relatively non-reactive 
donor solvents (aliphatic ethers and tertiary amines) they may exist as 
unionized solvated complexes in equilibrium with hydrocarbon anions 
and solvated cations. 

The distinctive reactions of the alkali alkyls appear to be associated 
with a facile inductomeric polarization, as a result of which they ar« 

** Caroiher. and CaSmann, ikid., 51, 568 (1920). 

u Conant and Whcland, Md., 54, 1212 (1032). 
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capaUe of transferrmg an alkyl anion to an acceptor reactant without 
the intervention of a donor center of the reactant or of a donor sohr^t. 
For instance, ethylcesium, -rubidium, and -sodium are capable of con- 
verting diethylzinc into the triethylzine anion, from which the volatile 
diethylzinc (b.p. 118°) cannot be removed by heating. The alkali 
alkyls react also with the H — C link of benzene, the aliphatic H — C linlr 
of toluene, and with ethylenic double bonds. None of these reactions 
appears to occur with Grignard reagents ** or with other metal alkyls 
of Groups I, II, and III. 

r C,H, T 

Na— C,H* + ZnCCjH,)* Na+Lc 2 Hr-zi— C,H,. 

m.p. 27* 

Na — CiHt -b H — CHg — CgHt — » Na'*’[CHj — CeHj]” -b 

It is of interest to compare the behavior of R — Na, R — Mg — 
(or R 2 Mg), and R 2 A 1 X (or R 3 AI) toward the same reactant. With 
acetone, the first reacts mainly as an enolizing agent, the Grignard 
reagent gives an addition product that yields a tertiary alcohol upon 
hydrolysis, and the organoaluminum compound produces mainly mesityl 
oxide and h^er condensation products. With certain other reactants 
the organoalkali compounds and the corresponding Grignard reagents 
yield identical products and differ merely in their rates of reaction (p. 
524).“ Explanations of the observed differences in behavior of organo- 
metallic compounds can be inferred from a consideration of relative 
polarization and polarizability effects within the reacting molecules (in- 
ternal factors) and the influence of the environment (external factors).* 
The position of equilibrium and the mobility (rate of change) within a 
qrstem are independent variables; the nature of the products of a re- 
action will depend upon the relative importance of the contributions of 
the two factors and their influence upon competitive reactions (p. 1034). 

In links of the first class the magnitude of the inductive polarization 
effects (— It) and the tolerance of the hetero atom for a positive charge 
(polarizability) change in the same way, and vary in a regular manner 
witii the position -of the hetero atom in the periodic table. Both quan- 
tities diminish as the atom moves to the ri^t in the first two periods 
(Li > Be > B and Na > Mg > Al), and increase in passing from the 
first to the second period within each group. Polarization and polariza- 
bility increase in passing into the A-subgroup toward the dements of 
••OOBum uid Eiriw. iKd.. H, 1286 (1933). 

^ ^ Intonal faetars involTa the influenoe of subetituentB and thair mutual iateraotionf 
aiomio dimenaiona, and steric effects; external factors take into account the electronic 
dkaraeteristies of the medium and catalysts (if any), and the effect of temperature^ cqq- 
oentmtions photochemical excitation, etc. 
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higher atomic number (li < Na < K < Rb) but decrease in going 
into tile B-flubgroups (Mg > Zn > Cd > Hg). The factors assod- 
ated with the direction of these changes are the effective nuclear charge 
and the size of the atom (effective atomic and ionic radii)* and its eleo- 
tromc configuration. The marked differences between elements in the 
A and B subdivisions of Groups I, II, and III involve the relatively 
smaller effective radii of the elements of the B-subgroups (p. 1888) and 
the fact that their atomic kernels do not possess an electronic configurar 
tion of inert gas type. 

The relative acceptor activity of the hetero atoms in Groups I, 
II, and III may be approached in a roughly qualitative way from the 
aspects of residual charges in the link, the effective nuclear charges 
and atomic radii, and the nature of the electronic configurations. The 
tendency of an atom to ionize and its ability to act as an acceptor (or a 
donor) are independent properties and are complementary in nature. 
Both may be seen to proceed from the operation of two fundamental 
principles: the tendency of an atom to approach the stable electronic 
configuration of an inert gas, and to achieve a maximum electronic 
neutralization of its nuclear charge (minimum residual atomic charge). 

As the permanent polarization in a covalent link becomes larger the 
dynamic increment (activation) required for the withdrawal of the 
binding electrons by the incipient anion becomes smaller, but at the 
same time there is an increase in the electrostatic attraction between 
the atoms and an increase in their tendency to form additional links by 
coordination (subject to the maximum covalence rule, p. 1829). From 
consideratioijs based upon the optical properties of inorganic salts, 
Fajans ^ has shown that ions are not rigid structures, and has related 
the process of ionization to the mutual deforming power of the potential 
ions (polarization effects) and their susceptibility to deformation (de- 
formability, polarizability). 

In inorganic salts the deformation is essentially that of the anion 
under the influence of cation as a deforming agent; but in the case of a 
small anion and a large cation (as in potassium fluoride) the effect of the 
anion may predominate. Fajans observed that the amount of deforma- 
tion in inorganic salts is greater: (i) the larger the ionic charge; (ii) the 
smaller the cation; (iii) the larger the anion; (iv) for cations that do not 
possess an inert gas configuration. These generalizations are in agrees 

* The term effective radius is used to indicate the oontribatioa vdiich the atom may 
be maardfd as making to the distance between the two atomic nuclei in the link. The 
effective raditus of an atom increases in passing from an electrically neutral state to that 
of an ank>n» and diminishes in becoming a cation. 

^ Fajans, **Badioelement8 and Isotopes: Cbemicel Forces and Optical Froperfles of 
Substances,’* MoQraw-Hill Book Co., New York <1031). 
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ment with those predicated from theoretical considerations, and the 
known behavior of a large number of inorganic compounds supports the 
inference that the tendency of a covalent molecule to ionize is restricted 
by the amount of deformation of the potential ions>» ® The approx- 
imate radii of some of the typical univalent ions, calculated by Pauling 
are shown in Table XVIII. 

TABLE XVIII 

Approximate Univalent Crystal Radii op Ions (Pauling) 

(in Angstrdm units) / 

Univalent Cationa \ 



li 

Be 

B 

c 



(0.60) 

(0.44) 

(0.36) 

(0.29) 

\ 


Na 

Mg 

A1 

Si 

\ 


(0.95) 

(0.82) 

(0.72) 

(0.66) 

A-Subgroups 


B-Subgroups 


K 

Ca .... 

Cu 

Zn 

Ga 

Ge 

(1.33) 

(1.18) 

(0.96) 

(0.88) 

(0.81) 

(0.76) 

Rb 

Sr . . . . 

Ag 

Cd 

In 

Sn 

(1.48) 

(1.32) 

(1.26) 

(1.14) 

(1.04) 

(0.96) 

Cs 

Ba .... 

Au 

Hg 

Tl 

Pb 

(1.69) 

(1.63) 

(1.37) 

(1.26) 

(1.16) 

(1.06) 



Univalent Anions 




C 

N 

0 

F 

H 


(4.14) 

(2.47) 

(1.76) 

(1.36) 

(2.08) 



P 

s 

a 



(3.84) 

(2.79) 

(2.19) 

(1.81) 



Ge 

As 

Se 

Br 



(3.71) 

(2.86) 

(2.32) 

(1.96) 



Sn 

Sb 

Te 

I 



(3.70) 

(2.95) 

(2.60) 

(2.16) 



Ionization of weak electrolytes, or the rupture of a covalent bond 
in the course of reaction, usually involves the intervention of coordina- 
tion processes, as a result of which the amount of deformation of one or 
both of the incipient ions is reduced. Coordination of a cationic (elec- 
trophilic) center with a donor will reduce its deforming power owing 
to the production of a more stable valence shell and to the dissemination 
of the residual positive charge; coordination of an anion with an acceptoi 

^ Pttulixig, J, Am. Chem. Soe., 49 , 771 (1927). 



ELECTRONIC THEORY 


1889 


center wiU reduce its deforming power and its defonnability, winna the 
residiml negative charge and electron mobility are thereby diminished. 

Diethylzinc is not appreciably ionized in the pure state and is a very 
poor conductor, but its conductivity is increas^ greatly by the addi* 
tion of anhydrous ether, which is also a poor conductor. The ^eet of 
the ether can be attributed to the formation of etherates in which the 
deforming power of the cation (R— Zn)"*" is reduced. The alkyl gnion, 
by co5rdination with Tudonized diethylzinc, can be converted alan into 
a complex anion [RaZn]”, of greatly diminished deformability. These 
relations are shown in the equilibria ^ven below; a similar situation 
occurs in the usual ethereal solutions of Grignard reagents, giving rise 
to solvated molecules of RzMg, RMgX, and MgX2, and to solvated 
ions such as [RMg + 3Et20]+, [RsMg + Et20]~, etc. 


R^Zn 2EtsO 




Unionized complex 


OEta 


■ R 1 

i 


1 

R — Zn < — OFts 


R — Zn< — OFts 

T 


1 

OEts 


L R . _ 


Complex cation Complex anion 


The introduction of an acceptor molecule such as BF3 or Al(OEt)3 
can increase the ionization of an ^tremely weak acid such as ethyl 
alcohol.^®* “ With reference to the ionization of acids Latimer and 
Rodebush ^ have made this statement: ‘‘It is doubtful if the hydrogen 
nucleus ever gets very far away from one or more electrons . . . the 
ionization of acids, or extreme polarity of any compounds involving 
hydrogen, must be interpreted as due to the transfer of a hydrogen 
nucleus from one molecule to another, thus forming a complex ion." 
The action of BFs and similar acceptor molecules is shown in the fol- 
lowing equations: 

F 


— Q— ...jl -j- BFs 


R F 

O— B-— F + R— *0 — H ^ 

/ I 

H F 




B— F 


Hi 

/ 

R — 0 

F 

+ 

r F 1 


1 

R— 0— iL-F 

\ 


1 

Hj 


L F J 


Comi 


kt&OKl 


Omnptoz 


■* Nimwlrad and othw*. Md., n, 1018, 2802 (193(9 : », 8883 (1981 ) ; M. 2017 (1082) 
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The ionization of aoids and bases, and reversiblB chemical reactiens 
in general, may be considered from tbe same standpoint. The comple- 
tion of a chemical reaction involyes merely the occorrence of an ionic 
displacement that is not reverdble under the influence and conditions 
of the environment. This may be illustrated by the behavior of ethyl- 
sodium toward ether. The e^er facilitates ionization, as it does with 
diethylzinc, but the relative reluctance of sodium to form a complex 
anion [Na(C2He)2]~ leads to an attack of the elber by the alkyl anions. 
The resulting anionic complex is unstable And decomposes irr^erably, 
with the elimination of ethane and ethylene, to fonn the mofe stable 


[CjHt!] -b CjHjr— O — C2Ht 


[CiHg!] -f- CfH{ — 0 — CfHs 


[[CiHs — >11 — CHj — CH 2 — 002^5] 
C*H, + C*H4 + [rO—CsH*]- 
[C,H8->H— CH*— CH*— 0— CjHj] - 
CiH( •+• CgHi "b [lO — CtHj]" 


ethoxide anion. Ethylsodium attacks phenetole in a similar way and 
gives finally sodium phenoxide. 

In covalent links of the hetero atoms in Groups I, II, and II^, per- 
manent acceptor activity will be limited primarily to the hetero atom 
itself but temporary acceptor activity may be conferred upon hydrogen 
in H — C links of an attached group by means of dynamic effects (+/<<) 
and may be effective in the course of chemical reaction. These effects 
will be expected to occur particularly with hetero atoms having low 
polarizability and furnishing a potential cation of high deforming power, 
such as 3-covalent boron.* In saturated alkyl derivatives of boron the 
-b/(t effect is opposite in direction from the permanent polarization but 
might become important when the attachment of a donor center to the 
boron atom itself is impeded for steric reasons. 

In the event that the atom attached to boron bears an unshared 
electron pmr or a multiple covalent bond an electromeric shift can occur 
toward the boron atom, so that its electron deficiency will be diminished: 


— 0 — CjjHs and II3B — C==C — R. If a vinyl group is present, the 
a 0 

-b^ ^ect of boron will result in a transfer of the electron deficit to the 
fi-carbon atom (see bdow, hetero-enoid systems). If an aryl group 
is present, the effect in the ring is similar to that of a nitro or carboxyl 


* Tb* effective nMihis of tbe univalent boron cation has been estimated bgr Paiilinz to 
be 0.35 A; its defonning power should exceed that of any univalent cation exoei>t carbon 
(fiJHf X), nitiQgm (OAS ootygen (OJ23 A), flumine (0.19 A), or hydrogen. 
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group and will cause a diminution in the ease of substitution and favor 
meto orientation.'* 

Q:“* OC 

The electromeric shift of an unshared electron pair from the adjacent 
atom toward boron should diminMi the acceptor activity of 3-covalent 
boron; the fact that BFa is a more powerful acceptor than B(OC 2 H 5)8 
may be anticipated from the ability of the alkoxyl group to pennit a 
greater electronic displacement ( — E toward boron) fluorine doos 

R — O — B > F — ^B. 

The stability of coordination complexes and the relative ease of ionic 
displacement within them are influenced by a variety of factors: the 
relative sizes of the donor and acceptor atoms, the spatial arrangement 
about the coordination center, the intervention of chelation and of 
resonance effects. The ability of an atom to act as an acceptor is^ 
affected by the electronic and steric characteristics of the attached 
groups, and the number of additional covalent links is limited by the 
maximum covalence rule. However, an atom directly combined to one 
or more hydrocarbon radicals rarely forms a stable complex in which its 
valence shell is expanded beyond an octet. A few exceptions have been 
cited previously (p. 1839), e.g., R 3 PCI 2 , RAsCU, [CHa — ^Tel 4 ]’~, etc,; 
all these have two or more halogen atoms attached simultaneously with 
the organic groups, and even in this favorable situation the systems show 
a strong tendency to revert to an octet. 

Some of the remarkable differences in behavior which are foimd in 
comparing elements of the first horizontal period with those in the 
second and higher periods of the same group can be explained on the 
basis of the ability of the hrg&c atoms to exceed a covalence of four 
as a transient intermediate step in their reactions (p. 1838). Certain 
other divergences have been accounted for by the hypoth^is that an 
atom which is capable of becoming 6 -covalent can assume, although it 
does not usually do so, a plane ^ace-distribution of its valences (angle 
90°) in the 4-covalent state. Consequently such atoms would take 
part more readily in forming, and would give more stable, four-membered 
rings t han the corresponding atoms of the first horizontal period. This 
may be the reason why boron, which is the only element in Group III 
incapable of becoming &-covalent, is also the only element in that group 
to form trihalides that are not polymerized.^ A four-membered chelate 

aaod Johnsoo* ibid^ S8, 711 (1931), 

^ Yabioff, Braneh. and Almquisti tbid.f W» 2936 (1933). 
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ring structure for aluminum chloride (AlaClg) would be essentially 
strainless on this assumption (p. 1876) but a similar ring for boron 
trichloride would have a large strain if boron is restricted to the tetra- 
hedral configuration (angle 109°)- 

An explanation of the high catalytic activity of the chloride and 
alkoxides of aluminum, and of the almost complete absence of similar 
properties in the corresponding boron compounds, may be sou^t along 
the lines outlined above. Owing to the limited knowledge of the effects 
of codrdination upon the donor and acceptor centers, and the recognized 
complexity of the factors governing the behavior of codrdination com- 
plexes, it is to be expected that detailed predications cannot \be made 
upon a firm basis at the present time. \ 

Class 2 (Group IV). In the organic derivatives of silicon \and the 
elements of the B-subgroup of Group IV (germanium, tin, anld lead), 
the permanent polarization and the polarizability effects will be in the 
same direction as that in the compounds of elements in Groups I, II, 
and III. Owing to the larger effective nuclear charges of the hetero 
atoms in Group IV, and the presence of an octet of electrons in the 
valence shell of the hetero atom, the magnitude of the — I, effect and 
the polarizability will be smaller than that for the corresponding ele- 
ments of the earlier groups: C 5 — Si < C — A1 < C — Mg < G — Na; 
C — Ge < C — Zn; C — ^Pb < C — ^Hg; etc. Within the fourth group 
the effects will increase toward the larger atoms: 

C— Si < C— Ge < C— Sn < C— Pb 

In these links the tendency to yield alkyl anions will be relatively 
small and their reactivity will depend largely upon the ability of the 
hetero atom to act as an acceptor by a temporary expansion of its 
valence shell beyond an octet. The stepwise dealkylation of the tetra- 
alkyl derivatives by halogens, and the reactivity of these compounds in 
general, may be explained readily on this assumption. 

(CH,)4Pb + Br,-- ♦ [(CH,)4Pb<-Br— Br] ^ (CHj),Pb— Br + CHr-Br 

(CH,)«Pb + H— Br [(CH,)4Pb^Bi— H] -» (CH,),Pb— Br -|- CH4 

Hie observation that the cleavage of analogous uns 3 miinetrical deriva- 
tives of mercury and lead by means of hydrogen chloride®^*®* gives 

» Kfaarasch and Ftenner. ibid., 54, 674 (1032). 

^ Gilmaiit Towne, and Jones, JSec. irav. chim., 51, 1054 (1032) ; J • Am. Chem. Soe., 55 
4680 (1038). 



ELECTRONIC THEORY 1898 

tile same products supports the notion that the TTiftfibanimn of reaction is 
essentially the same in both cases (p. 519). 

C*Hs — ^Hg — CjHt + HCl —* CiHt — !I^C1 + CeH( 
(CeH*),Pb(C,H*), + 2HC1 (C»H6)sPbCl» + 2C,H, 

When electromeiic effects can intervene these hetero atoms may 
exert &+T effect which will oppose the I, effect, and the situation is 
similar to that outlined for boron. Consequently, these hetero atoms 
may be expected to exert a mda directive influence (as well as ortho~ 
para) in aromatic substitution reactions. The nitration of phenyl- 
germanium trichloride (CeHs — GeCls) with fuming nitric acid at low 
temperatures has been found to ^ve 58 per cent of meto and 42 per cent 
of para substitution;" under timilar conditions phenylboric add, 
CoHg — ^B(0H)2, &ves 85 per cent of meta and 15 per cent of ort&o sub- 
stitution." XJdng acetic anhydride and a minimum excess of nitric acid, 
phenylboric add gives almost exclusively oriho substitution. This re- 
versal of orientation may be attributed to an opposing, secondary effect 
in an addition compoimd of phenylboric acid with acetic anhydride." 
When the weak -\-T effects of boron and germanium are reinforced by 
an appropriately situated methyl group, as in the 2 >-tolyl derivatives, 
nitration occurs entirely in the meta position (with reference to Ge or 
B). 

The sharp difference in the behavior of the C — C link and the links 
C — Si, C — Sn, and C — ^Pb is due to the inability of carbon to expand 
its valence diell to a decet. The attack of a donor molecule mud occur 
through an H — C link of a substituent group. The action of chlorine 
on neopentane results in a substitution process in one or more of the 
methyl groups (dehydrogenation) and not in a replacement of the alkyl 
group (dealkylation) such as occurs with tetramethylsilicane. 

(CH,).C— CHa + Cli [(CH 3 )aC— CHa— H«-C1— Gl] 

(CH,),C-CH»C1 + HCl 

shift 

(CH,) 4 Si + Cla [(CH,) 4 Si<-Cl— Cl] ^ (CH,),SiCl + CHaCl 

C — C and C — Bonds. In unsymmetrically substituted C — C Knks 
the permanent polarization is exceedingly small except where powerful 
effects are introduced by the presence of active hetero atoms in adjacent 
links. Nevertheless, the behavior of aliphatic hydrocarbon systems in* 

^ Shditoxit Washington Moetinga Am. Chem. Soo. (1933). 
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dioates tiiat definite directive influences are (q>erHlive in the eoune oi 
reactions. 

In saturated systems only inductive displacements (I, and Id 
effects) are possible. The rdative effects of the alkyl groups are sum- 
marized below: 

+J, H — > CHi — > Priniaiy> Secondary> Tertiary 

groups groups groups 

Relative inductive deotron-attradion 

—It and Tertiaiy> Secondary> Primaiy> CH*— > H — 

±Id groups groups groups 

Relative inductive deotron-rdease and relative pdariiability 

The small permanent polarization of the link H— C will be d im i nishe d 
by the replacement of hydrogen by an aliphatic radical, owing ^^to the 
essential equivalence of the effective nuclear charges in the atoms of the 
Cjp-C link. Alkyl groups will have a permanent ^ect of electron- 
release (—It) relative to hydrogen, and the relative magnitude of this 
effect will increase as the number of hydrogens attached to diminishes. 

In dealing with a specific reaction it is essential to formulate a 
definite reaction mechanism and to take into account the type of dis- 
placment that will fadlitate or impede the necessary electronic change 
(i.e., tire electrical demand of the reagent). Thus, in a series of alcohols 
the relative proton-escaping tendenty in the link H — OR increases as 
the relative electron-attraction of the R groups increases, rince a proton 
will escape more readily as the electron denrity in the OH residue is 
diminished: R— «-0— H. Consequently the proton-escaping ten- 
dency of the alcohols will be expected to follow the trend of 4-1, ^ects; 
this is confirmed by experiment^ observations, which pve the sequence: 

H— O— H> CHr-0— H> Prunaiy> Secondaiy> Tertiary 
alcohols alcohols alcohols 

The tendency of these hydroxylic compounds to form dimers of the 
type H — OH<— OH 2 by intermolecular association falls off in the smne 
direction and must be attributed largely to the diminishing acceptor 
activity of the active hydrogen. 

The capacity of the osygen atom to act as a donor will be enhanced 
as dection-rdease by the R group increases once this augments the 
motMty of the unshared ekctrcms in its valence shell. Consequently 
tfo tebdmicy of the alcohcfis to form oxonium salts, or complex cations 
ie gmi»ral, BhmiM increase in the order: primary < secondaxy < tertiary 
ftlahttplii. Tie oxonium cmnplexes dmved from the rimple alcohols 
aze Iw gMy active systems and thdr behavior involves a (xmrideration of 
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altematiye coorses of reaction (see pp. 1866 and 1867 examine): 
formation of olefins, alkylation reactions, simple ionisation, etc. 

Coordination of the oxygen atom with a proton (or other aoceptmr) 
will result in a strong tendency to withdraw the electron pair of the Hnk 

C — OH 2 '*’. The mobility in the oxoninm complex will allow a suitable 
approach of the donor center and the potential alkyl caiion; reaction I 
is the result of an cie,7H3hift within the complex. Reaction II requiies 
the intervention of polarizability effects, which determine the tenden(y 
of an alkyl residue to separate from the complex as a free cation. The 
alkyl cations will be extremely unstable owing to the electron deficit 
(open sextet) of the a-carbon atom, and will revert to a more stable con- 
figuration by ejecting a proton and forming an olefin (or a cyclic struc- 
ture). The effect of substituents upon the course of rearrangements 
occurring in the dehydration of alcohols, and in many Rimilftr proceftes, 

H ... 

C2H5— 0-^H— X — - ■ > C2H6— X + H2O 

Ti I 

[CaHfi— 0H2]+X- [C 2 Hb]+ C 2 H 4 4- H+ 

II 

has been treated with remarkable success by Whitmore®^ from the 
standpoint of the electronic configurations of the potential alkyl cationfi 

(p. 1018). 

Interpretation of the behavior of organic systems containing an aryl 
group directly attached to a reactive center (CeHs — X), or separated 
from it by an aliphatic system (CeHs — CH 2 — ^X, (CeHs)^^!! — ^X, 
CeHs — CH«sCH — ^X, etc.), involves a consideration of electromeric 
effects of aromatic groups and their interaction with other effects in 
the system and in the reagent. Experimental evidence supports the 
view that aryl groups can exert dynamic effects of either sign and are 
capable of activating electron-attraction or electron-release, depending 
upon the nature of the reaction. 

The ability of aryl groups to confer upon the attached atom an 
increased tolerance for an electrical charge of either sign is intimately 
assoriated with certain qualities represented by the term ^^aromaticity.” 
The enhanced stability of the phenoxide and benzyl anions relative to 
their aliphatic analogs, and that of triarylmethyl cations relative to all 
other hydrocarbon cations, illustrate the intervention of dynamic effects 
of opposite sign. The dual polarizability effects may be attributed to 
tiie ability of the aromatic nucleus, by means of eleotromeric displace- 
ments in directions determined by the sign of the charge, to bring about 

•• WHtiaore oollaboratofs. /. Am, Chem, Soe,^ a4» 3274* a435t 8448 (XeSS)* 
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a distribution of this chaige primarily at the para and the ortho poritions, 
and thence, by secondary inductive displacements, also to the meta 
positions, so that the residual atomic charge will ultimately be dis- 
tributed over the entire system.^ Owing to the laiige number of possible 
portions for a residual charge the stability of the ions is enhanced. 
Influences of this kind (resonance effects) are significant in a number of 
organic compoimds containing multiple bonds; the distinctive feature 
of aromatic systems (p. 1929) is their ability to compensate an elec- 
tronic deficit or an electronic excess with nearly equal facility. / 

Class 3 (Groups V} VI, VH). The single liiics encountered most 
frequently in organic reactions are those of carbon to nitrogen,! oxygen, 
and the ^logens. The distinctive feature of the electronic coofigura- 
tions of these links is the presence of one or more unshared electron pairs 
in the valence diell of the hetero atom. \ 

Owing to the hi^er effective nuclear charges of these hetero atoms 
relative to carbon, a permanent inductive displacement toward the 
hetero atom will take place in the tjrpical single bonds (+1* effect with 
reference to carbon). The magnitude of the permanent polarization, 
and the deforming power of the hetero atom as a potential anion, 
change in a regular manner with the position of the hetero atom in the 
periodic table. These characteristics increase as the effective fiuclear 
charge of the hetero atom becomes larger, i.e., as the atom moves to 
the right within each period: N < O < F, P < S < Cl, etc. The 
diminution of effective nuclear charge with increasing atomic radius 
causes the inductive effects to decrease within each group, in passing 
to the higher periods: F > Cl > Br > I, N > P > As > Sb > Bi, etc. 

The deformability of the hetero atoms and the tendency of their 
unshared electron pairs to engage in electromeric effects (or donor activ- 
ity) are properties related to the mobility of the electrons in the valence 
shell. These characteristics have an inverse relationship to the polarizar 
tion effects of the hetero atoms and increase in the opposite direction. 
The mobility of unshared electron pairs decreases in going from left to 
right within the periods: N>0>F; P>S> Cl; etc. Within 
each group the electron mobility increases-in passing into the higher 
periods — ^I > — ^Br > — Cl > — ^F; — Sb > — ^As > — ^P > — N; etc. It 
should be noted, however, that the mesomeric (permanent) polarization 
effects of the halogen atoms follow the order — ^F > — Cl > — ^Br > — ^I.* 
In saturated aliphatic systems donor activity is restricted to the 
hetero atom itself but in unsaturated S3 ^uib may be traismitted 
through an intervening chain (see hetero-enoid systems). Many of the 

* For a oondae diacuinou of the four dietinet polar effeeta of the halogen atoma, aee 
Sid and Ingdd, /. Chem. 8oe., 927 (1938). 
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typical reactions of the het^ atoms in Groups V, YI, and VII occur 
through coordination nvith an acceptor center of the reagent; a few 
examples are indicated briefly in the following equations: 

E,N + H— Br [R,N-»H— Br] -»■ [R,N— H]+ Bir 

r H 

R— OH + H— Br .R— 6-»H— Br R— Br + H*0 

The permanent polarization effects of these hetero atoms will tend 
to create an active center of low electron density (acceptor activity) in 
the system. The introduction of chlorine or ethoxyl in a hydrocarbon 
chain increases the electron deficit of the carbon to which it is linked 
(relative to H — C). This deficit is overcome in part by secondary 
inductive displacements in adjacent links, and by a aimilnr mechanism 
is transmitted with successive diminutions to more distant atoms in 
the system, 

ah a h e 

X— 4-0— x-H X— 4-C— 4-C— x-H 

X— O— H + Cl* -4 [X— C— Hx-Cl— Cl] -» X— C— Cl + HCl 


As a result of the inductive effects of chlorine and oxygen, alkyl halides 
and ethers will react with donor reagents more readily than the parent 
hydrocarbons, and will undergo direct substitution preferentially on the 
o-carbon atom. The presence of two hetero atoms in close proximity in 
an organic syst^ will lead to an enhanced reactivity of the S 3 ^in; 
the result of a reaction in these ^sterns will involve the intervention 
of polarizability effects, steric factors, etc. 


CH*=«CH— OCiH» + m 


CHr-CHCl— OC,H, 


/OC*H, 

CHr-CH<^ + MgX» 


CH,— CHOH— OC,H, CHy-CH==0 + CiH*— OH 

The inductive effects of halogens and hydroxyl and alkoxyl groups 
result in an increase in the strength of the acid when these substituents 
are introduced into an aliphatic system containing the carboxyl group. 
By means of a logarithmic function based upon the ionization constants 
of a series oil substituted adds, Derick ** developed certain generaliza* 
tions ocmceming the influence of the substituent. If the inductive 
effect of a halogen atom in the o^-podtion is taken as unity, its mflu* 
«* Dwiek, /. Am. Omm. Soe., SS, 1162. 1181 (ISll). 
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ence in the y-, and ^positions in the isomeric acids is and Hti 
respectively. More recently Hixon, Johns, and their collaborators** 
have shown that the polar properties of an extended series of organic 
compoimds including R— OH, R— CO 2 H, R— CH 2 — CO 2 H, R— NH 2 , 
R — ^HgX, and others, can be expressed as an exponential function of an 
arbitrary number representing the ^^electron-sharing ability*' of R 
(provided that R does not contain polar groups). 

In the saturated aliphatic derivatives of • nitrogen, oxygen, and 
fluorine, the participation of the hetero atom in coordination processes 
is limited to donor activity since their valence shells are restricted to an 
octet. In appropriate unsaturated and aromatic structures tne donor 
activity may be transmitted through a chain of covalent bonds (see 
hetero-enoid systems). Atoms of the second and higher periods can 
expand their valence shells beyond an octet, although they rarelv form 
stable organic compounds with an enlarged valence shell. The capacity 
of these atoms to expand their valence shells, and the instability of the 
resulting configuration, suggest that under suitable conditions the 
mechanism of their reactions may involve acceptor activity of the hetero 
atom. This premise may be used as the basis for an explanation for 
certain distinctive reactions of the atoms within a given periodic group 
(see pp. 1838-1840); this view is supported by a good deal of indirect 
evidence. 

Owing to the fact that the permanent polarization effects of these 
hetero atoms enhance the acceptor activity of adjacent atoms, it seems 
probable that acceptor activity of the hetero atom itself is associated 
largely with polarizability factors. It is observed that the general 
tendency to expand the valence shell beyond an octet is more prominent 
in the larger atoms and follows the trend of polarizability effects. The 
greater capacity of iodine to behave as a relatively ^'positive" atom in 
its reactions affords an illustration of this trend.*^ 

R— Cl (and R— Br) + H— OH -» [R— Cl -* H— OH] R— OH + HCl 

•hilt 

Normal 

R— I + H— OH ► R— I-.H— OH R— OH + HI 

R— I<-OH, R— H + HOI 

•blit 

One migr anticqiate that Ihe influence of substituenta upon tiie 
macimal reactions will be reversed for ''abnormal" reactions, and tlus 
ai^JUars to be true. The reactivity of n^pr<^l cUoride in a lypical 

wid odUbomtora, ibid., 4», 1786 (1027); M, 168 (1028); 88, 4367 
(1831) ; 84, 8071 (1882) ; J. Phy*. Chem., 84, 2218, 2226 (1880). 

" Ntodet tmi odlabmton, J. Am. Chtm. Sms.. 48, 2081 (1821) ; 48, 1786, 1801, 1806 

aw?). 
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metathetieal reactitm is much greater than that of isopropyl chhnide, 
but in an “abnormal” reaction, such as the formation of alkyl dilorides 
from the iodides and mercuric chloride, isopropyl io^de reacts at least 
fifty tames more rapidly than n^propyl iodide.® 

A comparison of certain reactions of the all^l derivatrres of arsenic, 
antimony, and bismuth with those of the corresponding dements of 
Group IV (tin, germanium, and lead) affords an interesting iUustratioD 
of the influence of polarizability effects upon chemical behavior. The 
formation of salts of the type [(CH8)4Sb3+Cl~ may be taken as a char- 
acteristic reaction of the elements of Group V (B-subgroups); the 
removal of the alkyls by means of halogens is a typical reaction for the 
elements of Group IV, and earlier groups. The first reaction occurs 
readily when the alkyl derivatives of arsenic or antimony are treated 
with an active alkyl halide, but the alkyl bismuthines behave d^er- 
ently. Trimethylbismuthine reacts with methyl iodide upon warming 
but it yields ethane and methylbismuth diiodide instead of a bismuthoni- 
um salt.® In this respect the bismuthine resembles alkyl derivatives 
of zinc and mercury rather than those of arsenic and antimony. 

R^b-CHr-I -4 [R4Sb]+ 1" 

RaBi'*— I — CH» -4 RsBil 4" R — CH» 

4.EsoMeCH|I 

R — ^Bilj -f- R — CHa 


The anomalous behavior of the bismuthine su^ests that the nature 
of the reaction is altered by a difference in the relative polarizabilily 
effects of antupony and bismuth with reference to iodine. The behavior 
of the stibine is like that of amines with alkyl hdides, but that of the 
bismuthine probably involves co6rdination of the bismuth and iodine 
atoms. This process facilitates the separation of an alkyl amon from 
the lasmuthine and its combination with the positively polarized alkyl 
group of the alkyl halide. 

In their behavior toward the free halogens, there is a certain resem- 
blance between the alkyl derivatives of the elements of Group V and 
Group IV. Phosphorus, arsenic, and antimony form halides of the 
type RsPCls, RaPCls, and RPCU, which are generally stable enou^ to 
be isolated. Upon wanning, they tend to undergo dealkylation and 
yield products rimilar to those obtained by the action of halogens on 
thy allty l derivatives of the elements of the earlier groups. The normal 

Heat 

p, Aa + Cl* -♦ RjAsCl* — > R»AsCl + R— Cl 
B4G0 + Cl* -*■ [lUGcCl*] — > RiGeCl + R — 01 


•NkotetaadBotbi. ***..00,212(1928). 

Atw., 80, 100 (1M2); DttalxMpt, Ann., 90, 
00, 4010 (U87} : 01, 2036 (1868). 


371 (1864); Mat^vardt. 
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form of tile pentavalent chlorides of the fifth group elemeats is probably 
that in which the central atom is 5>covalent; their stability relative to 
the corresponding compounds of the earlier groups is due to the higher 
effective nuclear charge of the central atom. The bismuth alkyls are 
decomposed directly by halogens, but the triaryl derivatives form 
stable crystalline dihalides of the type RgBiCU. 

Hydrolsrsis of the 5-covalent dihalides gives oxygen compounds in 
which the central atom reverts to an octet. The central atom is undoubt- 
edly only 4-covalent in the normal forms of the arsine oxides, arrinic, 
and arsonic acids (and in the corresponding derivatives of phosphorus 
and antimony). \ 

Multiple Covalent Bonds. When there are not enough Wectrons 
in a molecule to provide each atom with its stable octet by the process 
of forming ringle covalent bonds, two contiguous atoms may ^are a 
second or third pair of electrons. The extent of this sharing is by no 
means so complete or unambiguous as in the single bond; furthermore, 
the ability to share a second or third pair is almost entirely limited to 
carbon, nitrogen, and oxygen.^ This property appears to be associated 
with the helium configurations of these atomic kernels; the “double 
bonds” of phosphorus, sulfur, and other elements of Groups V, yi, and 
VII, outside the first period, are usually coordinate links. The bohavior 
of systems represented for convenience by formulas such as Si 02 , 
R — Si02H, R — Ge02H, etc., is consistent with the view that these sub- 
stances are actually polymerized in the normal state and would be more 
accurately represented as “giant” molecules. In the case of boron in 
the alkyl boric oxides, R — B=0, the polymerization gives a cyclic 
tiimer analogous to the tiimeric aldehydes.^** 

OH 

I 

R— Ge=0 H— 0- 

**Giant*' molecule Qinear polymer) 

B— K 
SB— B— 0 1 I 

°\b/° 

i 

Cydio trimer 

tad Snyder, Organic Cheznistiy Ssanpoeium, Rocheater (1086); /. Am, 
Chnn* 40, 107 (1038) ; see, also, Kinney and Ponta, ibid., 68, 107 (1036). 
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Lewis ^ pointed out that the sharing of more than one electron pair 
by two atoms represents, because of the mutual repulsion of the nuclei, 
a point of weakness or condition of strain in the molecule, and this tends 
to keep the system from settling into a state of hi^ stability and low 
electron mobility. Furthermore, the formation of a multiple bond is 
accompanied by a diminution of the intemuclear distance; this amounts 
to about 10 per cent for a double bond and 20 per cent for a triple bond. 
He drew the conclusion that the properties of substances with multiple 
bonds are due to an extent of ^ring of two or three electron pairs 
which is probably less than that indicated in the usual graphic formu- 
las; but the sharing must be assumed to have some physical reality in 
order to account for the existence of geometrical isomerism and similar 
steric phenomena. 

True covalent multiple bonds of the types A==B and A^B nre 
regarded as capable of existing in an inactive form in which both atoms 
have a valence octet, and a reactive form in which electromeric displace- 
ment of an electron pair creates an electron deficit in the valence shell 
of one atom (an open sextet) and an increased electron mobility in the 
other.’^ The typical states of a double and tr4)le bond may be repre- 
sented in the following manner (see, also, p. 1846) : 


A=B A=B 5=± A=B 

^ A=B ?=i i^B 

Activated state Normal state Activated state 

The symmetrical active forms that would result from a rupture of 
the binding pair would give each atom only seven electrons. It seems 
quite improbable that this mode of activation is significant in the typical 
reactions of unsaturated systems. Lewis has expressed the view that 
the pairing of electrons (**rule of two”) is even more fundamental than 
the octet rule, and that a substance containing unpaired electrons would 
be far more reactive than ethylene actually is. 

The active forms are assumed to be extremely mobile and capable 
of only momentary existence, so that their concentration is always small; 
owing to the reversibility of the electromerio displacement there is ^ui- 
librium between the active and inactive forms. If A and B are differ- 
ent atoms, then, in the activation process, the atom having the hi^er 
effective nuclear charge will tend to retain the electron pair and the 
atom having the smaller nuclear charge will become the deficient atom 
in the active form. The direction of addition of unsymmetrical addenda 

^ Ourothsrs* Affi. Chetn* Soc*^ 46, 2226 (1924). 
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(HX, RMgX, etc.) will be highly selective and will be determined essen- 
tially by the electronic configuration of the dominant active 

R— oSn 

Since the two atoms remain attached by one covalent link (two in the 
iriple bond) the deficient atom never gets far away from the diq>laced 
electron pair. 

The electromeric displacement will affect the remaining covalent 
links (^red electron pairs) and the mobility of unshared elec^n pairs 

[ 

in the entire ssrstem. The di^lacement will in(arease we donor 
activity of B and will have a dynamic effect of electron-releaW in the 
covalent links of B with a substituent. This dynamic infiuen^ can be 
effective in chemical reactions only throu^ unshared electron ^irs or 
other multiple bonds in the substituent; it can interfere with the acceptor 
activity of B or its substituents only by promoting a different course of 
reaction. Electron withdrawal by B increase the acceptor activity 
of A and the atoms or radicals attached to A, and will facilitate their re- 
activity toward a donor reagent. A carbonyl group will iucrease the 
proton-escaping tendency, and diminish the availabihty of electrons, in 
the system into which it is introduced. Thus, acetic acid is a stronger 
acid than methyl alcohol, and acetamide is a weaker base than methyla- 
mine. 

It must be noted that the electron attraction of a carbonyl group (or 
other multiple bond) does not impede the separation of an anion from 

the o-carbon atom in a system such as Cl — CHg — A==B; in fact, it can 
facilitate the elimination of the potential anion (i.e., replacement by 
another) by an indirect process su^ as that indicated below. 



Ih an flc-halogenated ketone the electromeric effect of o^q^gen, and 
the transmitted inductive effect due to the halogen, enhance the electron 
defitit of the carbonyl carbon. Under aj^ropriate conditkma the ckff* 
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dent earbon will oo&rdiuate with a donor, such as tnmetibylainine or an 
ethoxide anion, to form a neutral compla or a oomplex anion. In 
ease tbe.oxjrgen has a high residual negative charge resulting from the 
acquiffltion of the electron pair of the double bond; the dectrommo 
effect wiU tmid to be reversed and the elimination of halide ioa from the 
oomplmc is fadlitated. As this occurs the entering donor center becomes 
liidced to the ot-carbon.* The effect of the reversed eleotromerie dis- 
placement will diminish rapidly as additional CH 2 groups intervene be- 
tween tbe halogen and the carbonyl group. 

In many instances, reactions of the t 3 npical systems, such as 0«N, 
N«bO, and 0=>^, involve a prdiminary codrdination in which nitrogen 
or oxsrgen acts as a donor; this procees facilitates withdrawal of the 
electron pair from the adjacent atom in the link and also increases the 
mobility of the potential donor center in the reagent molecule. The 
reactions of these systems with Grignard reagents*^ has be^ intm^ 
preted in this way (p. 1880) ; the normal reactions involve an ot,y-&agFar 


OEt, 

I 

CHr- Mg— Br + R»0=0 
^Eti 


RaO=0- 


ORtg 

i 

♦Mg—Br 

k 


iMft 


OEt, 

1 

R,C — O — Mg— Br 

^Et, 


tinn of the potential organic anion to the deficient atom of the unsatu- 
rated system. The fact that ethylenic and acetylenic bonds do not 
react with Grignard reagents is indicative of the importance of unshared 
electron pairs of nitrogen and oxygen in the activation mechanism. 

The extent of electromeric displacement in the systans A=B and 
A^B, u ndftr a ^ven set of conditions, will increase as the opposed nudear 
charges become greater and for a fpven compound will be influenced by 
such factora as the temperature, concentration, characteristics of the 
catalysts, etc. This permits an explanation of the (Merence in 
reactivity of different multiple bonds imder the same conditions, and of 
the multiple bond under different conditions.^ The susceptibil- 
ity of a system to perturbing influences of substituents (internal factors) 
and of external factore will increase as the difference in opposed nuclear 
diarges becomes smaller, and therefore reaches a maximum when A 
and B are the dement. In systems such as Ka— HO=-<JH— Rb 
and Ra— N«“N— Rb, the configuration of the active fonn will depend 
upon the relative influences of the substituents Ra and Rb, and both 


* fomulM d'*®* •bove do not take faito account the interventtm of the wtom, 
titk soadfaUitv (rf dhetotlon within the oomple*. and oth« infloenoee 1^* may an 

imno^t^ineertalneaaee. It iaobvioua thatif thegrowB can itadf be da^trf 

in dr-CO-CHtCa, the eomidei ankm indieatad above wondd yield an 
estat isste^ ^ iSia elSiofy k^toiMe 



1904 


ORGANIC CHEMISTRY 


active fonns may result. In general these systems exhibit a definite 
orientation in their addition Teactions; the process of activation involves 
the interaction of polarization and polarizability effects of the substituent 
and the multiple link under consideration. 

The inductive effect (electron-attraction) of the hetero atoms, nitro- 
gen, oxygen, and halogens, in their links with carbon, will facilitate a 
reaction involving the enhanced acceptor activity of 1-covalent hydrog^ 
in the attached ^stem, but their electromeric effects of electron-release 
(—E) will foster a dynamic displacement toward the /3-carbon atom (see 
hetero-enoid systems). Consequently, in the orientation o^ addition 
reactions only the —E effect will be significant. The inducmve effect 
of alkyl groups (electron-release relative to hydrogen) will aW be of 
assistance in the orientation process. For similar reasons tlm induc- 
tive electron-release of an atom such as boron will be opposed by its 
capacity to exert a dynamic ^ect in the opposite direction. The antici- 
pated orientation in the addition of an unsymmetrical reagent is indi- 
cated below for several ethylenic systems. 

Br-CH^H, -I- H— X -♦ Br-CHX— CH, 

CHr-»— CH^Hs + H— X -♦ CHr-CHX— CH, 

BI--CH*— CH=Q:H, + H— X -♦ Br— CH*— CHX— CH, 

R(>^H=Q!H, + H— X RO— CHX— CH, 

<&C-^H=^H, + H— X -» 0=0— CHr-CH,X 

Recent work of Kharasch and his assodates ” supports the notion that 
the normal addition of hydrogen bromide to t^ first three of these 
qrstems follows the course indicated, but it was observed that the 
presence of minute amounts of active substances such as peroxides can 
suffice to bring about the formation of a laige proportion of the isomeric 
product. The fact that thiophenols usually add exclusively in a direc- 
tion opposite to that of most reagents appears to be due to the presence 
of traces of disulfides, which have a peroxide c^ect; when these impurities 
are rigorouriy excluded the mode of addition is the normal one.” 

Hie orientation of addition reactions of unqmunetrical olefins and 
acetylenes involves the relative effects of electronrattraction and elec- 

» KbwsMh and eollabo»toni, J. Am. Chem. Soe., H, 2468, 2621, 2S31 (1933) ; M, 71% 
1212, 1248, 1426, 1642 (1934) ; 68, 67 (1936) ; /. Soe. Chem. Ind., 84, 939 (1986). 

” jPoaoer, Ber., 88, 646 (1905) ; AdiworUi Mid Burlduodt, J. Chem. See., 1791 (1928); 
CwotiMM, /. Am. Chem. Soe., 88, 2008 (1^) ; JonM Mid IMd, ibid., 80, 2458 (1988). 
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tron**release in the hydrocarbon substituents. In the aliphatic series 
the relative electron-attraction diminishes as the number of hydrogen 
atoms on tl^ a-carbon is reduced: CH3 > C2H6 > primary > secondary 
> tertiaiy groups. All these groups have an effect of electron-release 
relative to H — C; consequently the principal active configuration of an 
unsaturated hydrocarbon will be that in which the electromeric dis- 
placement occurs toward the carbon bearing the larger number of 
hydrogen atoms. The addition of reagents such as H — X and X — OH 
will tend to occur in such a way that the donor center of the reagent 
unites with the carbon atom bearing the larger number of alkyl groups 
(c/. Markownikoff^s rule). The predominating active forms of several 
hydrocarbon systems are indicated below; the observed (normal) addi- 

CJI.— CH=Q3H, CJI,— cic — h 

[ CHj'“CHj-~CHBr---OHsr*-*CE[s 
(78 per cent) 

CHjr~^H2r“CIl3r~“CHBr--“CHt 
(22 per cent) 

tions of these systems support the anticipated selective activation. In 
the case of pentene-2, containing the two similar alkyl radicals methyl 
and ethyl, it was found that addition of hydrogen bromide gave a 
mixture of the isomeric alkyl bromides in which the normal product pre- 
dominates, i.e., 78 per cent of 3-bromopentane to 22 per cent of 2-bromo- 
pentane.^^ In the addition reactions of arylated systems such as stsnrene 
and phenylacetylene, the phenyl group has an effect of electron-release 
relative to hydjx>gen; the electron-attraction of aryl groups facilitates 
substitution in the unsaturated side chain but does not contribute to the 
orientation of addition reactions. Triphenylethylene, for instance, 
forms with bromine an unstable addition product which decomposes 
readily to give triphenylvinyl bromide. 

Different opinions are held concerning the intimate mechanism of 
addition reactions of the olefins. Ingold and Robinson consider the 
addition of hydrogen halides, halogens, and other typical reagents to 
be initiated by the union of a positive atom (acceptor or electrophihc 
center) of the addendum with the atom acquiring the unshared electron 
pair in the activated form of the olefin. Carothers has expressed 
the view that the first step is the completion of the electron deficit in the 
valence shell of the positive atom in the active form of the olefin, by 

^*Luoa0 and Moysey J» Am* Chem. Soc., 47, 1459 (1925). 

Carothers and Berohet, ibid., W, 1628 (1933). 


CHr-C=^H— €H, CHr-C=CH 

C3Hr-CHr-CH=^H— CH, + H— Br 
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means of an unshared electron pair of the addendum. So far as the 
addition reactions of simple olefins are concerned, the same final product 
would be antidpatod from either view of the intimate mechanism of 
the process. 

H 

HC-* H 



H— C— Br 


R 



Olefins and carbonyl compounds exhibit a rather definite contrast in 
their behavior toward chemical reagents (p. 632). Olefins add halogens, 
halc^en adds, nitric and sulfuric acids, ozone, per-adds (R — CO 3 H), 
and oxyhalogen acids, which are electrophilic reagents. Olefins do not 
react in general with nudeophilic reagents such as ammonia ajud its 
derivatives (RNH 2 , NH 2 OH, NH 2 — ^NH 2 ), alcohols, alkalies, cyanides, 
and Qrignard reagents. The carbonyl compoimds, on the other hand, 
undergo reaction with the latter group of reagents. Largely because of 
such differences in the facile type of reactivity, Ingold and Robinson 
regard the olefins as nucleophilic (donors) relative to the reagents, and 
the carbonyl compounds as electrophilic (acceptors). This view appears 
to rest upon the assumption that tire ability of oxygen to contribute to 
the activation process by means of its unshared electron pairs is trivial 
in relation to the reactivity of the carbonyl compounds; but in the 
activation of an olefin the electronic excess of one carbon atom is assumed 
to be responsible for the ultimate acc^tor activity of the other. 

Robinson^ considers that, for an equal degree of electronic excess 
or d^ect, any carbon atom is much more active in the former condition 
and that the extent of electmneric changO ("activation level”) nor* 
mally found in defins is not sufficimt to initiate reaction with a donor 
rer^gent. Addition reactions are r^arded in this way: '*When the 
ankmoid (donor) center is an ol^n whidr begins to donate electr«ms to 
an external molecule, the electnxmerte diange will natural^ take a 
further tibesp, and an adequate defect (ff electrons on the second carbon 
of the pair is established and real kationoid (acceptor) activity becomes 
J* Sae. Dtfert /Mtie* 65 (1084). 
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poflsUe/’ ^Hie contribution of external acceptor and donor centers in 
the activation of oMbs and carbonyl compounds may be ftTrppi»tad to 
vary inth % environment; in eitiier case the seat of unsaturatkm in 
tire activated form must be the incomplete valence shell o( the d«^f}ci A n t 
atom. 

^TStMns containing covalent triple bonds the theoretical conrid- 
erations are e^ntially the same as those applied to the olefins. The 
addition reactions of acetylenes and of nitriles indicate that the dom- 
inant active forms are those antirapated. 

+ HOH -i-4 R-C(OH)=CH, R-CO-CH, 

R— CfeO— H -I- H— OCHa — * > Rr-C(OCHi)=CHa -+ Rr-C(OCHi)r— CH» 
R— CsCH + HBr > R— CBT==CHa 

Rr-C^N + HOH > R— C(OH)=NH -♦ Rr-CO— NHi 

R— CfeN + HX > R— CX*=NH 

Rr-C^N + R— MgX > RiC=N— MgX 

The diasonium cations and acetylide anions, [R— N^N]"*" 

a 0 

[R — CfeC — ]”*, afford examples of the effect of ionic charges upon the 
configuration of the active forms. In the diazonium cations the large 
residual positive charge of the 4-covalent nitrogen tends to bring about 
withdrawal of an electron pair from the multiple link and to create an 
electron deficit on the /3-nitrogen. Under appropriate conditions an 
active donor may add at this seat of unsaturation and give rise to diazo 
structures (a). On the other hand, under certain conditions uxistable 

(а) IR— ^sNl+ + [:OHl- -♦ R-N=N— OH 

(б) [R-^N^bN]+ a- + CuCl -► [R-.-Nr-Cua,] -♦ Rr-O + Ni + CaQ 
(c) [Rr-<^0-l- + 2H— OC,H» -► R-CH=CH— OCJIi + ICiHiOJ- 

complexes can be formed in which the strong dectron-attraction of the 
poisdtively diarged center will facilitate migration of an orpmic cation (&). 

In fbe acetylide anions the high electron density of the terminal car- 
bon wdl favor electron-rdease, and the direction of the electromeric 
effect may be expected to be the reverse of that in tbe acetylene itself. 
Indeed, the orientation of the addition of alcohols to acetylenes k re- 
versed in the prraenoe of strong alkalies (c). 

Thd covalent triple bonds in carbon monoxide and the iso<yanides 
are of an unusual type, ovnng to the presence of an unshared dectron 
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pair on the carbon atom in the normal state of the molecule.” The 
strong electron-attraction of oxygen or nitrogen will tend to create an 
electron-deficit on the carbon atom and facilitate its coordination with 
a donor center. In the resulting complex an acceptor center may then 
migrate to the unshared electron pair of the carbon (a,|3-shift), and the 
net result is that both fragments of the addendum become attadhed to 
the carbon atom. 


:cA: + Cls fci— C1-*C==0:1 -“’t > Cl— 0=0 

*_ «+ L .. .. J Bhrft I 

Cl 

.. ro— c==oi- 


:cQ); + [0H]--» [h— O— C=6:] 

=N-Rj 


;CfeN— R + H— OH 


H— O— C=N— I 

I 

H 


H— O— C=N— R 
1 

H 

II' a,ir-ahi{t 

0=CH— NH— R 


The physical properties and reactions of these ^sterns indicate that 
carbon atoms which have been represented as bivalent in the conven- 
tional formulas actually have a complete valence octet made up of a 
triple co’valent link and an unshared electron pair. 


POLTYDNCXIORAL ELECTROMERIC SYSTEMS 


The union of two or more centers that are capable of taking part in 
electromeric displacements may give rise to systems of diminished reac- 
tmty owing to iutemal compensation (resonance effects), or of enhanced 
reactivity resulting from a favorable combination of activating effects. 
The direct attachment of one or more unsaturated units, such as 
— CH=CH — or — C«C — , to an active donor or accqitor center per- 
mits a transmission of the activity to a more remote atom m the qrstem. 
Thus, the acceptor activity of the carbon Atpm of a carbonyl group or 
olefin may be transmitted to the |3-atom of an attached unsaturated 
q^m; tte donor activity of oxygen or nitrogen may be transferred in a 


0=*CH— CH»=CH* 

a 0 

H0^CH=Q3H— R 


CHs— CH— CH— CH— R 


** Bammick, New, Sidgwldc, and Sutton, J. Chem. Soe., 1876 (1930) ; Sidgwiok, Chem 
Ref., 9. 77 (1031). 
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Hiimilftr way to the /Carbon in an attached group, llie l,4-addi<ion 
reactions of a,/3-unsaturated carbonyl compounds and of 1,3-dienes are 
famiUa 4 rexaipple 8 of the first type; the carbon alkylation of ethyl aceto- 
acetate and /3-aminocrotonate illustrate the second tyipe. 

Vinylogous Ssrstems. ‘ Fuson’* has formulated the following gen- 
eralization concerning the propagation of the influence of a functional 
group along an unsaturated chain: When, in a ^stem of the type 
X — Y=Z or X — Y^Z, a structural unit of the type — ( 0 =s>C) 5 - is 

1 I . 

interposed between X and Y, the function of Z remains qualitatively 
unchanged but that of Y may be usurped by the carbon atom attached 
to X. It is proposed to term such a group of compounds a vinylogous 
series, and the members of the series vinylogs of one another. Thus, 
acetaldehyde, crotonaldehyde, and sorbic aldehyde may be regarded 
as a vinylogous series, where X is CH 3 , Y— Z is — CH==0, and p = 0, 

CHr-CH=0 CHr4-CH=CH-|-CH=0 CHrfCH==CH— CH==CH-i-CH=0 

1, and 2. Evidence of the effect of the carbonyl group on the terminal 
methyl groups in crotonaldehyde and sorbic aldehyde is shown by their 
ability to undergo aldol condensations forming the higher members of 
the series. Likewise, ethyl crotonate and sorbate undergo condensation 
with ethyl oxalate in a manner timilar to the reaction of ethyl acetate. 

CHr-(CH>=*CH)„— COjEt -1- COjEt C<>— CH*— (CH====CH)„---COjEt 

1 I 

COjEt CO*Et 

In disubstituted aromatic derivatives of the type A — C 6 H 4 — B, the 
ortho and para compounds will have a vinylogous relationship to the 
S 3 ^tem A — ^B, but the tneta isomer will not be a vinylog of A ^B. Thus, 
the methyl group of 0 - and p-nitrotoluene is activated, resembling 
CH 3 — NO 2 , but that of m-nitrotoluene is not. 

CHi — ^NO» CH* — 0=C — NO* OH* — ^=CH — — ^NO* 

HC^ C H --r CH 

\ / 

CH— CH 

Hetero-Enoid Systems. The combination of a hetero atom sudi as 
nitrogen, oxygen, or sulfur (in their lower covalent states) v/ith an 
unsaturated system by means of a tingle link is termed by Bblan»n a 
het«t)-enoid system. In these structures the hetero atom tends to 
increase its covalence with the a-carbon of the unsaturated system, and 

» Enacm. Chmn. IS, 1 (1936) ! aee. alao, Chapter 7, p. 633. 
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as a result the dcnior activity (seat of attack for acceptor reagente) 
may be transmitted to the /3-carbon atom. 

+ CHr-X [HiN— 0-0— CH,]+X- 

a ^ ^ fi 

Activation of the o- and p- positions of the aromatic ring toward 
acceptor reagents, by substituents such as — OH, — OR, — ^NH 2 , and 
the halogens, may be attributed to the transmission of the donor acti^dty 
of these hetero atoms. 

The ^ectiveness of the hetero atoms in increasing the degree of 
polarization of an attached ethylenic or aromatic system invokes the 
interplay of several distinct polar effects, and the observed sequence will 
vary according to the relative contribution of each effect in the reac- 
tion or in the equilibrium under consideration. As a practical\guide 
Robinson gives the following rule: if a series of bases X — ^H, X' — ^H, 
X" — is arranged in the order of diminishing proton affinity, then the 
systems X — C==C, X' — C==C, X" — C=C are arranged in the order of 
diminishing polarization and of diminishing donor reactivity exhibited 
by the carbon atoms. Negatively charged groups as in the phenoxide 
and enol anions will occur at the top of the scale of effectiveness, but the 
participation of the hetero atom in some other conjugated electroiheric 
system involving its available electrons) will diminish its effectiveness. 
The order of effectiveness will therefore be: 

— NH > — o”> — NHs > —OH > — O— CO— CH, > — I > —Cl 
— NHCH, > — NHi > — NH— CeH# > — NH— CO— R > — N(CO— R)* 

^-S-CH, > — O— CH, > — O— C,H, > — 0— CO— R > — (SR,)+ 

The heterocycles of aromatic type (p. 127) sudi as pyridine, thiophene, 
furan, and pyrrole may be resided as hetero-enoid eycles. 

Neutralized Systems. The union of a donor and acceptor center 
may be expected to result in diminkhed reactivity of the system owing 
to internal compensation. Tbis effect is evideht in the union of the 
carbonyl group with donor systems such as" — OH and — ^NHs. In a 
series of systems of the type X — CssY, when Y is kept constant, the 
streogth of the internal ^ect will deprad upon the electron-release oi 
X, sad will correspond to the following sequence: 

•O— C"""0 > R,N— O^“0 R0“^C“*O > Cl— C"^ H— C"*0 

I I . I I I 

ln<#ee catibm^late km the tcanrfermice is equivalent to half an electron. 
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i^oe the mesomerio form of the anion ia synunetrical with leaipeet to the 
oxygen atoms. 

Urn ^rani^tion for the caiboxylate anion involves meie^ the <K8- 
pZocement of an ionic center, but that for formally neutral eystema 
(amides, esters, a<yl halides) requires the creation of an electrical dip ole 
The mesmneric effect is thmfore mudx less than that required for a 
completed interchange. Physical evidence indicates that the order of 
magnitude of the mesomeric polarization of formally neutral aystems is 
actually about one-tenth of that required for complete polarization. 
The effect of the whole group X— C==»Y upon a system attached at C 
and the neutralization effect within the group are opposed to each other. 
Consequently the permanent positive polarization (and the acceptor 
activity) of the carbon atoms in these systems is the reverse of the 
above sequence. 

If X remains constant and Y is varied, the extent of intemallieu- 
tralization will be determined by the -f-r effect of Y. This may be 
illustrated by the following series: 

+ 

R,N— <>=NRt > R 2 N— 0=0 > RtN— C=NR 

In this instance the acceptor activity of the carbon atom follows the 
same sequence and is not reversed, since the effect of R 2 N — remains 
constant. 

The effect of variations in the central atom may be shown by a com- 
parison of structures represented by the general formula X=Y — X, 
where X is oxygen and Y is carbon, nitrogen, sulfur, or oxygen. In this 
series the acceptor activity of the central atom increases as its effective 
nuclear charge becomes greater. 

+ - jr-N + - jr^ + - - 

0 - 0—0 > 0=S— O > 0 =-N— O > O-C— O 

K-/ I I 

R R 

In other neutralh^ systems of the form X*s=»Y~Z, the general princi- 
{des outlined above may be used to judge qualitatively the relative 
reactivity of a series of related compounds. 

IfSt-Diencdd Systems* The 1,2-dienes (allenes) and related com** 
pounds containing doubly linked nitrogen and oxygen may be written 
in the general form X«=Y— Z, These systems may be oonadered from 
the standpoint of the availability of the electron pairs of the multiple 
and of umhared electron pairs on the atoms X and Z. The trend 
of the electron di^laoements may be coiwndered conveniently by com- 
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paling types in which <nie or two of the components of the systems 
remain constant. In the first series indicated below, where X»=Y is 
Il 2 C=C, the polarization of Z (and electron deficit of Y) increases 
from the alienee to the ketenes. Hie internal effect of neutralization 
due to a compensating mesomeric electron-release by X must be ex- 
tremely small dnce X does not have an unshared electron pair. 


r,0=C=CH, 


RjC=C==0 


r,0=0=CRi 


RjO=C=NR 

R»C=C=0 


R_N==O=0 


r_N=N-=CR, 


ie~\ 

r_N=<H=N— R 



In the principal active form the atom Z withdraws an electrod pair of 
the lixik Y=Z, giving rise thereby to an acceptor center at Y and a 
donor center at Z. The reactivity of these systems toward dtmor re- 
agents will increase as the effective nuclear charge of Z becomes greater. 

In their reactions with unsymmetrical reagents the donor center of 
the reagent will become attached at Y but the acceptor center of the 
reagent may become linked at either X or Z, owing to the intervention 
of electromeric shifts in the course of reaction. 


8 2 /-»1 s - 

R,0=C=CH, -I- A— B 


rRjO=0— CHr— I 

[ i-B J 

ir 

jr>. je-s 

R,C=C— CH* 

I 

A— B 


R2C==C — CHf — B 
A 

1,2-additioii 
B 2 C— C==CH» 

I I 

B A 

2,3HMidition 


Hie fact that the allenes of type Il 2 C==<IJ===CH 2 yield exclusively 
methyl ketones upon hydration indicates a marked selectivity in the 
point of attack of the donor center of the reagent. The addition of 
hydrogen bromide leads to a mixture of isomeric 2-bromo olefins which 
may arise by fiimtion of the acceptor cent^ of the reagent in the 1- or 
3-positions.” The absence of corresponding isomers in the hydration 
reaction may be attributed to the fact that 1,2- or 2,3-addition of water 
would merely give is(nneric enol forms of the methyl ketone. 

R20>C(OH)— CHi and R 2 CH— C(OH)=C!H* 

logold baa pointed out that a number of systems of the general 
fmm X^Y»Z contain systems capable of a mesomeric state owing 

”Boiyii. Aiim. «Mm., {lO] », 402 ( 1828 ). 
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to the presence of an unshared electron pair on the atom X or Z. The 
alternative structure in this case would contain a triple link and would 
have the general form X— YsZ. The second scries given above in- 
cludes the ketenes, isocyanates, and aliphatic diazo compounds as 
characteristic examples. The ketenes and aliphatic diazo compounds 
illustrate systems in which only one of the terminal atoms can himkh 
an unshared electron pair. In the azides and isocyanates either ter- 
minal atom can furmsh an unshared pair, and two different mesomeric 
polarizations are possible (Table XIX). 


TABLE XIX 

Mesomebic Effects in Structures X=Y=*Z 


Type 

Formula 

Mesomeric 

Polarization 

Alternative 

Structure 

jm 




mm 

Ketenes 

n^c==c===o 

It20===C=0 

RaO— “C===0 

mm 

Diazo compounds. . . 

RaC=N=N 

r^C==N=N 

RaC — N^N 


R — N=N==N 

— N — N— N Imaior^ 



R — N=N=N (minor) 





,, 

Isocyanates 

R — N=C==0 

R — N=0==0 (major) 

R — N=C — 0 



R — N=C==0 (minor) 

R — N — C^O 




•• 

Carbon dioxide 

(>====<>===0 

o==c=o 

0 — CfeO 


The addition of alcohols and amines to ketenes and isocyanates may 
be regarded as a direct combination of the donor center of the addendum 
at the carbonyl carbon. The postulation of an enol form of the inter- 
mediate is unnecessary since the acceptor center of the addendum may 
shift directly to give the more stable form (ester or amide). 


R20 === 0=*=0 ^ 


R20*®C — 0 

I 

NH, 

i 

R, 0=0— OH 
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Tlie addititm of halogen adda may oeour by a rimilar medumion or 
may be initiated by codrdination of tbe carboi^ oxygen with an aoo^tor 
center of the addendum. The fact that ketenes generally react more 
rapidly with active donor addenda than with aco^tors may be oon> 
cddered to favor the former view. 

The reaction of ketenes and isocyanates with Grignard reagents has 
been studied by Gilman,*** and in these cases there is undoubtedly a 
preliminary codrdination of the carbonyl oxygen. 

-♦ R,C=-G— OMgX R,C=C<ff^ 


Diphenylketene, on treatment with phenylmagnedum bromic^p and 
subsequent hydrolysis, was found to give the stable enol form of di- 
phenylacetophenone (pp. 514 and 663). A similar mechanism was 
demonstrated experimentally for the isothioeyanates. 

Althou(di the existence of alternative structures of the type 

• • 

RaC — CfeO (Table XIX) for the ketenes has not been verified experi- 
mmitaUy, the fact tbat acyl substituted ketenes show a strongly dimin- 
ished acceptor activity suggests an internal neutralization of tlie fol- 
lowing type: 

6— 0=CH— 

I 

R 

n 

In these structures the strong +E effect of the a,|3-unsaturated carbonyl 
system opposes the normal electromeric polarization of the ketene 
carbonyl group and reinforces the mesomeric polarization. In tbe 
resulting structure (II) the electronic excess is transmitted to the caiv 
bonyl ojQTgen and tbe resonance between I and II has the effect of 
iRmifiiahing the reactivity toward an external donor molecule. 

l^Dienoid and Pofyenoid ^sterns. The union of two or more 
muhiple bonds in a 1,3- or l,3,5-TeIationtii9 gives rise to an interaction 
(conji^tion) within the system. The extent of this interaction varies 
over a wide range, and the behavior of the cystons is influenced by 
hbteanal and external factors. Conjugate addition at the 1,4- or 1,^ 
potiticHia arises frcm the ability of t^ n^ystem to transmit an eleotix>nic 
deficit, resulting from the electromearie polarization of one multiple 
M iQasMa and ooUabanton, /. Am. Chem. 8oe., 4*. 1010 (1020) ; 40, 403 (1034). 


(>=<)_-CH=C==0 

I 

R 


^ /X 
R,C>==<>=()_»Mg<^^ 
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bond, to tho tennhuil at<nn of the second or third xnultiide b(n)d (o 
and b). 

(o) (6) 

1334 123453 


Aside from the conjugate active form the 1,3-diene may exist in non- 
conjugate active forms {a', a") and the 1,3,5-triene in partially con- 
jugate or non-conjugate active forms (b', b"). 



1 2 8 4 5 6 


It has sometimes been assumed ” that t3rpical 1,4-addition reactions 
of the dienes involve a completed 1,2-ad^tion followed by allylic 
rearrangement. The interpretation of much of the experimental evi- 
dence bearing upon this point is uncertain owing to the facile intercon- 
version of the isomeric 1,2- and 1,4-adducts, and the effects of axygm 
and peroxides.*^ Nevertheless, there is now definite evidence that 
chlorine* and halogen adds* yield 1,4-adducts directly in certain 
instances, and the hypothesis that they necessarily arise by allylic 
rearrangement must be abandoned. Reagents such as halogens and 
halogen acids usually produce a mixture of 1,2- and l,4-adduct8, whereas 
perbenzoic add * yields only 1,2'adducts (substituted ethylene oxides), 
and maldc anhydride only 1,4-adducts “ (p. 668). 

Kharasch and his collaborators * have foimd that, in the absence of 
oxygen and peroxides, and in the presence of an antioxidant, butadiene 
adds hydrogen bromide at low temperatures to give prindpally the 
1,2-adduct, 3-bromo-l-butene (II). At higher temperatures under the 
i^uence of hydrc^en bromide, and particularly under the combined 
mflnftTKw of hydrogen bromide and peroxides, this product rearranges 
to I. The addition product obtained in the presence of air or added 
peroxides is principally I (crotyl bromide). Evidence is lariring to 
diow whether peroxides cause direct formation of crotyl bromide by 
1,4-addition of hydrogen bromide to butadiene, or merely rearrange tte 
l,2^ddition product. All that can be said with assurance is that in 

« imd edlabontoTB, J. pnkt. Chem., 105, 74 (1022) ; GiUei, BvB. we. eWw. 

BOg., Sl, see <IKJ2) ; bfold, Shopiwe, Mid Thoipe, J. Chem. 3oe., 1477 (1024); Burtoa, 
*«., leSl (1028) ; FMm« and Soott, ibid., 172 (1020). 

* Mmy JM , Mid Mayo, J. Org. Chem., 1, 803 (1088). 

* Mcakat and Northmp, J* A.m. Chem. Soc., 52, 4048 (1030). 

4* Pununorar and H^nd^ Ber., 55, 386 (1038). 

•* PWs and Alder, Ann., .455, 08 (1028) ; 4T8, 130 (1030). 
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the abeence of peroxides 1,4-addition does not occur with hydrogen 
bromide, A careful but unsuccessful search was made for the third 
possible addition product, III. Two independent analytical methods 
indicate that not more than 5 per cent of this substance could have 
been present in the reaction products. 


CHr-CH=CH-~CHsBr (l.bromo.2-butene) I 

H H H H / 

HC==<J~C===CH + HBr >CH,=CH-~CH— CH, (a-bromo-l-butene) II 

Br j 

“CHj=CH— CHr-CHjBr (4.bromo.l-bu4ne) III 

PoMible reactions of butadiene and hydrogen bromide \ 

Considerations of the 1,2- and 1,4-addition of hydrogen and of 
bromine to butadiene, based upon the quantum mechanics, indicate 
that it is much easier for addition to take place in the l,4-posiliions.“ 
This conclusion rests upon the observation that calculated values of the 
activation energy for the 1,4-reactions are appreciably smaller than 
those for the 1,2-reactions. The introduction of a substituent may alter 
the situation and make 1,2-reaction occur more readily. 

The degree of electromeric polarization of the 1,3-dienes mqst be 
very small or spontaneous polymerization would take place even in the 
absence of catalysts. Probably effective polarization occurs through 
the intervention of an active center of the reagent or catalyst. Unsym- 
metrical substitution will generally enhance the small permanent polari- 
zation and will exert a directive effect. In 2-methylbutadiene (isoprene) 
the — / effect of the alkyl group will favor the development of donor 
activity at the 1-position, whereas in 1-bromobutadiene the substituent 
will favor the development of donor activity at the remote position. 


CH, 

f 

CHi=«C — CH=CH* 


Br— CH=CH--CH===€H2 


The occurrence of this orientation in isoprene is confirmed by the fact 
that conjugate addition of hydrogen bromide yields 2-methyl-4-bromo- 
butene-2, and that non-conjugate addition reactions yield 1,2- rather 
than 3,4-adducts. 

Bobinson has su^sted that the polymerization of 1,3-dienes under 
the influence of a trace of sodiimi is a chain reaction initiated by the 
effective polarization of one molecule of the diene resulting from the 
entry of an electron or electron pair at the acceptor center; the polarized 
moteeule attacks a second molecule of the diene in the same fa^on, and 
l^ennan, and Kimbdil, J. Chem, Phy9., 1, 686 (1933). 
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the process continues until long chains or large rings are formed (p- 1932). 
Molecular oxygen and peroxides may play a similar role in the initiation 
of polytomaation reactions. It is possible that a chain reaction of 
opporite type may be initiated by the intervention of an external 
acceptor, since the diene system is capable of functioning either as a 
donor or an acceptor. 

Donor etc. 


Acceptor CHa«=CH-~CH*=CH 2 CH^H— CH=*CH 2 ^-etc. 


The aliphatic 1,3-dienes generally show a reactivity greater than that 
of the simple olefins toward the usual reagents, such as halogens and 
halogen acids, and they undergo a number of reactions that are not 
shown by compounds having an isolated double bond. The charac- 
teristic diene reactions include coupling with nitrobenzenediazonium 
chloride,*^ facile linear polymerization under the influence of alkali 
metals, direct addition of alkali metals and of triphenylmethyl,®® 
and the Diels-Alder reaction with a,i8-unsaturated carbonyl com- 
pounds “ (p. 685). 

Thermochemical data show that the heat of formation of a conju- 
gated system is greater than the sum of the heats of formation of the 
separate bonds. This departure from strict additivity corresponds to 
an increase in molecular stability and is interpreted as resonance energy 
(perturbation energy). Quantum-mechanical calculations®® have led 
to values of resonance energies that can be brought into good agree- 
ment with those obtained from heats of combustion. The numerical 
values for several types of conjugated systems, expressed in kilocalories 
per mole, are tabulated below. Numbers in italics are calculated values j 
the remainder are empirical values from thennochemical data. 

TABLE XX 

Resonance Energies of Conjugated Ststbmb 
(Pauling and Sherman) 


1,3-DieDes 

. 8,0 

Benzene 

S7.$ 

Pyridine. . 

43.1 

1,3,5-Trieiie8 

. 16.7 

Styrene 

46.1 

Pyrrole. . . 

22.6 

l,3,5,7-Tetr^6B. . . 

. 86.1 

Stilbene 

94.3 

Tldophene 

31.1 

f^venes 

. 16.0 

Naphthalene 

74.7 

Furan 

21.4 


" May«r and coUaboTators. Sw.. «. 1764 

•• Ziagjer, Ortit. and Waber. Ann.. 4W, 292 (19^ : ^ 

" Coaaat and Sohetp. /. Am. Ch 0 m. 8 oe., Mjl941 (1^. 
•• Pauling and Siannas, Chem. Ph^., 1. 606, 679 (1938). 
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■ The nuirked effect aS oosjugalion up(»i the eneigetioa of imsetantted 
qrstems is demoostrated by a eompansoa of the heats of hydrogenatjon 
of olefins, dienes, and benz^e.** When two doable bonds are sq>arated 
by three sini^ bonds, as in 1,5-hexadiene, thoe is practically no inteiv 
action; the heat of hydrogenation is twice that of a ample ol^n of 
correEponding type. There appears to be a small labUising effect in 
the 1,4-diene, and in the 1,2-^ene a large labilizing effect. The 1,3- 
diene instead of exhibiting a labilizing effect of intermediate magnitude 
actually shows a definite stabilmng effect. Similar effects occur in 
eyclopentadiene and cydohexadiene, and an enormous effect arises in 
baizene. Table XXI p^es the heats of hydrogenation (Aff,\m kilo- 
calories per mole) for several ol^ns and polyenes, together with t^e mag- 
nitude of the effects of stabilization (+AZ) or labilization (—Ai 


TABLE XXI 

Heats of Htssooenation of OuiFmB and Polyenes 


Olefins 

-AH 

Polyenes 

-AH 

AZ 

CH2=«CH2 

32.82 

1^2-Propadiene 

71.28 

-14.5* 

R — CH=CH 2 (mean) 

30.20 

1,3-Buta(liene 

57.07 

+13. St 

CHs— CH=CH— CHa cm 

28.57 

l,4>Pentadiene 

60.79 

- 0.4t 

trans 

27.62 

1,5-Hexadiene 

60.52 

- O.lt 

(CH8)20=^H2 

28.37 

Cyclopentadiene 

50.86 

+ 6.3t 

(CH8)2C5-=CH-~CH8 

26.92 

Cydohexadiene 

55.37 

+ I.8t 

Cyclohexene 

28.59 

Benzene 

49.80 

+36.0t 


* Referred to isobutylene, 
t Referred to R— CH CHf. 

^ Referred to eydobesene. 


The calculated resonance energy of benzene (Table XX) is in good 
agreement with the stabilization effect observed by this method, but 
the calculated value for l,3-diene8 shows a wider deviation from the 
actual values. 

In benzene and tamilar systems of aromatic character Ihe internal 
compensation has the effect of facilitating substitution rather than 
sunple addition reactions. However, there is evidence to support the 
viiew that substitution reactions of a number of aromatic systems 
proceed way of a preliminary addition process (p. 174). l^dogen 
atons, hydroxyl, ami amino groups directly attach^ to an aromatic 
ifng rise to hetero-enoid systems in wMch the electromeric effect 

** 83stisl»irdcr, Btihirfr, Sa^, and Vaugliwi., /. Am. Ch«m> 8oe., S7, STS (1939 $ H 
187, 14S (1986) ; Ckmant and KUtiafarwBky, Chm, Bw., SO, 181 (1937). 
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(— JB) of tho Bubstituont interacts with the polyenoid system (aee hetero- 
enoid systems and vinylogous systems)* It is possible that a part of 
the diffiimlty. encountered in developing a satisfactory general theory of 
aromatic substitution is due to the situation that the reactions occur 
eithCT by a direct or an indirect (addition) mechanism. 

Triple bonds are capable of taking an active part in conjugated 
systems (p. 667). The combination of a double and triple bond, as in 
vinylacetylene, gives rise to a system that undergoes only conjugate 
addition with halogen acids.*® In this instance the orientation of the 
addition is determined by the triple bond. Divinylacetylene likewise 
adds chlorine or hydrogen chloride in the 1,4-positions; •* no evidence 
of 1,6-addition to divinylacetylene has been observed. 

CHjf=CH — C^ sCH + HCl — > Cl — CHg — CH====0===CH2 

CHtf=CH— c^b— CH=CH, + HCa ca— CHr--CH==0=<!H— (JH==CHt 

CHj=OH— C^sO— -CH=CHi + C3i — » C3 — CH. — CH=0==C5Cl— CH'^.CHj 

E— 0=C^U^3!>-R+H,--»R— R+K— CHi—CfeO— CJH*— R 

R— OsHsCr— C^sO—R -f* HsO (R-— 0==*C=ssCJ===s=C 

^Ah -» R— CO-C^C5— CHr-R 


Studies of substituted l,3^iynes by Grignard and Tcheoufaki ** denitnh< 
strate that aystems containing two triple bonds undergo conjugate 
addition of bromine and hydrogen bromide. Similarly, catalytic ^dro* 
genation over platinum, and partial hydration, lead to l,4radducts. 

ayP-TJnsaturated Caihonyl Systems and Related ly^s.* Ihe con* 
jugation of an ethylenic linkage witii an unsymmetrical multiple bond 
of oxygen or nitrogen ^ves rise to structures of the type O-C — 0»A 
and 0>aG — In the single links of oxygen and nitrogen (hetoo* 
ehoid systems) the hetero atom exerts a dynamic electron'-release, but 
in tiirir multiple bonds the direction of the dectromeric effect as reversed. 


C=4C— OR 


OmtC—C^ 


O—O— NRi 0— 0— 0«N 

HetercHttoid Kaiticwaoid 

CftTOtfeMirgi and Collinst A,tn* Chwn* ^o.» 54, 4CC0 ^1052). 

Poffmaa and Carothm, tbid., 55, 2040, 204S (1033). 

Grignard and Tcheoufaki* Compt rend., 188, 627, 1631 (1929). 

^ TIteas wemcdoeelfied fay Robixuon onginslly as **orotoiwid*' and Sotor oa *lcatii>4ooid^ 
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The ess^tial feature of the a,j3-unsatiurated carbonyl types (p. 072) 
is the ability of the system to transfer the seat of accq>tor activity to 
the jS-carbon of the etiiylenic bond. Consequently, the /^carbon is 
attacked by the donor center of various reagents, such as ammonia, 
amines, alcohols, organomagnesium halides, and alkali cyanides, which 
are without action on simple olefins. 

The addition of amines, alcohols, and alkali cyanides to a,|8-unsatu- 
rated carbonyl ssrstems may be regarded as a direct combination of the 
donor center of the addendum at the /3-carbon, but in the edition of 
Grignard reagents and halogen acids it is likely that the reaction is 
initiated by codrdination of the hetero atom with an acceptor ^ter of 
the addendum. The tendency to permanent polarization in ue a,0- 
unsaturated carbonyl systems is necessarily small, owing to me fact 

+ C=^C^-C=Ob ^ -+ H»N— C— CH— (k=0 

0 a 0 a 

o=^S-c=^ + Ha [o5^-oQ)h3^ci -» a--c— c===c--0H 

0 a 0 a 

that integral polarization produces an unstable electronic configuration 
(open-sextet) in the /3-position. 

Although a,/3-unsaturated carbonyl systems show a marked tendency 
to imdergo conjugate addition, there are many instances in which one 
of the multiple bonds functions independently. The relative amounts 
of 1,2- and 1,4-adducts are influenced by substituents in the conjugated 
system (internal factors) and also by the nature of the addendum and 
the environment (external factors). Kohler** has pointed out that 
nearly all reactions involving 1,2-addition to carbonyl are reversible, 
whereas the products formed by 1,4-addition (except with organometallic 
compounds) undergo rearrangement into saturated carbonyl compoimds 
that are still capable of undergoing 1,2-addition. Under these conditions 
the products ultimately isolated do not represent the relative rates of 
1,2- and 1,4-addition but merdy the relative stability of the substances 
or the position of equilibrium in the particular enviromnent. 

The addition of Grignard reagents to. a,/3-unsaturated systems 
affords a comparison of the relative rates of 1,2- and 1,4-addition, as the 
reactions are not reversible and both adducts are stable. The reactions 
have been studied extensively by Kohler and his collaborators and a 
few ot thmr data are shown in Table XXII. The results indicate that 
l,4-additi(m increases as the reactivity of the carbonyl system toward 
B — ^MgX diminishes. Thus, in the series shown below the reac- 
tivity toward Grignard reagents diminishes from R— CO — H to 
R— CO— N(C 9 H 6 )a> but the tendency of the a,/3^m8aturated carbonyl 
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TABLE XXII 

^ oi" CfHtMgBr to a,^XTNBATnitATBi> Casbontp Sxbtbshs 


Per Cent 
1,4- Adduct 


CHr=<3H— CO— H 0 

CH,— CH=CH— CO-CH, 40 

CeHp-CH=CH— CO— CH» 12 

C»H6CH=CH-C0— C,H( 40 

CflHsCH^^CH— — CO— OCjHs 50 

CeH»CH=CH— CO— NRa 90 


Per Cent 
1,4-Adduct 


CHt«CH — CO— C6H5 100 

CH»-CH=CH— CO— CeHii 100 

C,Hj— CH===CH— CO— C»H*.... 04 

(C6H6)*0=CH— CO— C«Hj 0 

(CH,)*C=CH— CO-CH* 0 

CtHj^-CsBC— CO — CtS[t 0 


systems to undergo 1,4-addition diminishes in the opposite (hrection, 
from R— CH=CH— CO— N(C 2 H 6)2 to R— CH=CH— CO— H. 

— CO— H — CO— CH, — CO— C.H, —CO— Cl — CO— OC^, — CO— N(q,H,), 

The effect of a hydrocarbon group attached in the /9-position is rela^ 
tively slight, but the presence of two hydrocarbon groups on the /3-earbon 
impedes 1,4-addition. It is of interest to note that an acetylenic system 
such as CqHs — C sC — CO — CcHs does not undergo conjugate addition 
of Giignard reagents. 

Robinson has pointed out that the enhanced acceptor activity of 
the terminal carbon atom in “katio-enoid” structures facilitates the 
exchange of anions in these ^sterns; the increased activity of aiyl 
halides containing a nitro or carbonyl group in the ortho- or para-posi- 
tions and the hydrolysis of p-nitrosodimethylaniline are explained by 
the following mechanisms: 


SOB- 

soHr 

(CH,),N 




[- 0 + 01 “ 


-N-0+HN(CH,), 

It is evident that the same groups in the »?»sio^poffltion will not function 
in a wimll|»T ' manner owing to the inability of the system to tranrfer an 
electronic deficit to the meto^podtion. 

The presence of hydroiqrl or amino substituents in the /5-pomtion <rf 
an a,/9-unsaturated carbonyl group pves rise to an internal compensa- 
tion resulting from the effect of dynamic electron-release within the 
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hetero^oid system. The dynamic isommism of unsymmetxical enols, 
reduced carbonyl activity of p-methoxybenzalddiyde and p-dimethyl- 
aminoaryl ketones, and the relative inactivity of the correspcmding 
nitriles toward RMgX are typical examples. 

BrG^C-CB'CJi 0-0-C5H-C-0H 

A B 1 B i 


(CH,> 

The order of effectiveness of various p-substituents in bringing Vibout 
internal neutralisation is the same as that given under hetero-enoid 
systems (p. 1909). It must be recognized that these dynamic effects act 
largely to reduce the rate of carbonyl reactivity and in this way may 
favor an alternate course of reaction, sudi as replacement of the /Jnsub- 
stituent (qf. preceding paragraph). 

Qoinonoid Systems. Two carbonyl groups, or omilar types, united 
directly or by means of an intervening ethylenic system, give rise to 
ortho- and poro^uinonoid structures. Owing to the tendency of the 
two groups to promote electromerio changes in opposed directions, these 
systems are hi^y reactive and the units frequently function independ- 
ently in their reactions. 

1,2-Quinonoid typM 
0==0— €==-0 


C.Hr-CO~CO— C«H, 

CtHf — CO— CO — OR 
RO— CO— CO— OR 

In addition to the true ortho- and paro-benzoquinones, this group 
pdhldss simple lK^dioarbonyl compounds (glyoxal, biacetyl, benzil, 
ethyl oxalate, and o-ketonic acids) as well as 1,2-dicarboiqri derivatives 
cl e^odene (dibenzoylethylene, tensoylaaylic acid, maleic a<^, ahd 
l^^eaeaniQ ac^}. 

ftaxmg actsvath^ influence of! the — CX>— CQ|E gioap on an 
(n^aent ms^lQrlene group, wad the dtraocmio-itacosue at^ rearrange' 
moat, may be reganfed as manifestations of the tendency d a quinonoid 


1,4-Quinonoid types 

o-<;-5«3h--<>==o 
R R 

C,H,— CO— CH==CH— CO— C,H, 
CeHr-CO— CH—CH— CO— OR 
RO— CO— CH— CH— CO— OR 
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qritem to revert to one in which the ten^ of the opposed eleotiomeric 
^ects has been relieved. 

CHr-C— COiR CHi«C— CO*R 


O 

CHf— G— COjH 

II NaOH 

H— C— CO»H 


OH 

CHi-G— CO»H 

I 

CHr-COiH 


The enhanced reactivity of quinonoid systems is illustrated by the fa<ale 
addition of acids to p-benzoquinone, addition of 1,3-dienes to quinones 
and to maleic anhydride (Diels-Alder reaction), and the converaon of 
aryl 1,2-diketones into benzilic acids by means of nllrnliBU- 

The addition of acids is probably initiated by fixation of a proton 
at the carbonyl group, resulting in the development of an active acc^tor 
center in the d-position. Combination of a donor reagent at this point 
is followed by isomerization to a substituted hydroquinone. However, 
the Diels-Alder reaction, benzilic acid rearrangement, and condensation 
reactions occurring in alkaJine me<fia may be regarded as a direct attack 
by an active donor center of the reagent. 




Robinson has pv®i an interesting example of the rffect of neutralised 
ejPBtems on tlm l,2Kliketone group. Glyoxid is a colored substance 



OoloNd ana ranettre 


Colorkis and 3aM z«itGtive 



1924 


ORGANIC CHEMISTRY 


(yeQow solid, green vapor) and is hi^y reactive as a carbonyl com- 
pound, whereas ethyl oxalate is colorless and far less reactive. The 
same relationship holds true for benzil and p,p'-diethoxybenzil; the 
former is colored and reactive, the latter is colorless and much less 
reactive. This analogy affords a striking illustration of the prindple 
of vinylogy (pp. 633, 1909). 

Peroxidic Systems. The direct union of amino and hydroxyl groups 
with each other, or with halogen atoms, gives rise to discordant systems 
of type opposite to the quinones. The former develop an active donor 
center and the latter an acceptor center. In the simple peroxidic systems 
such as hydrogen peroxide, hydroxylamine, and hypochlorous acid, 
a,j9>proton migration may give rise to a tautomeric rdations^p (see 
dyad systems, p. 1936). 

HjN— NHa H,N— OH HO— OH Cl— OH ^ 

J.. J.. 

H,N— NH H,N— 0; H*0— O: H— Cl— 0; 

A simila r dynamic isomerism is possible in the partially substituted 
derivatives such as mono-, di-, and trisubstituted hydrazines, Ijf-sub- 
stituted hydroxylamines, and pcracids. This group of compounds is 
characterized by an ability to act cither as oxidizing or reducing agents, 
according to the nature of the environment; many of them undergo 
disproportionation reactions involving mutual oxidation and reduction. 

2Ci^s— NH— NH— C»H, -♦ CeH*— N=N— CeH* + 2C6H,NH» 

2C*Hr-C0r-0H -♦ 0=0 + 2C(H»C0iH 

The disproportionation of hydrogen peroxide into water and molecular 
oxygen is paralleled in the organic derivatives by the corresponding 
reaction of perbenzoic add and by the converdon of hydrazobenzene 
into azobenzene and aniline.** The facile conv^on of /3-phenylhy- 
droxylamine into'p-aminophenol and of hydrazobenzene into benzidine, 
under the influence of strong adds, affords a further illustration of the 
instability of these systems. The fact that rearrangement of peroxidic 
systems is brou^t about by adds, and quinonoid systems by alkalies, 
is a direct consequence of their respective donor and acceptor activity. 

I^rpacal additive processes such as the formation of oximes and 
hydrazones, and oxidation by peradds, are probably initiated by attadc 


*< Wkbitd. Rer., 48, 1008 (1915) ; aae, alao, Eenner and Knight, B«r., 88, 841 (1936). 
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of an extetnal acceptor center by an undiared electron pair of the p®^ 
oxidic Efystem. 


0 


OH 


R— 


*R— CH— NH*— OH -» R— CH— NH— OH 

R— CH=N— OH + H*0 

. Oxime formation 

0 OH 

1 + 1 

“R— CH— OH— OCO— R -*■ R— CH— O— OCO— R 

Oxidation by peraoid 


R,C— H + HO— Cl 


RsC — — 0^ ij+ 

V ^ci 


2R — CO 2 H 
H 2 O + Cl — CRs 


Chlorination 


The view that addition of hypohalous acids and alkyl hypochlorites 
to olefins proceeds by a similar mechanism (a) is not generaUy accepted. 
Recent kinetic studies of addition reactions of stilbene ** indicate a step- 
wise process (b) in which an active intermediate is produced by com- 
bination of a donor center of the olefin with an acceptor of the addendum 
(“positive bromine”). The composition of the adduct is determined 
by competitive reactions of the labile intermediate with an active donor 
center of the environment (CHs — OH or Br~). 


R— CH==CH— R 

J 


R— CH==CH— R 


J 


X*' 

IH, Br 
(a) 

^[R— 6h— CHBp— R] 
(ft) 


R--.CH CH— R 

(!>CH, ]3r 


R— CH CHBr-R 


CHsOH 
+ > 


icH, 


+H+ 


vBr- 


R — CHBr — CHBp— R 


It is difficult to reconcile this formulation Q>) with the observation 
that stilbene and isostilbene yield different stereoisomeric adducts, Eonce 
true carbonium cations are considered to be configuratively unstable 
and would lead to identical stereoisomers from the cis- and trans-stilbene. 
The formulation of a carbanion intermediate appears to afford a more 
satisfactory Ayplyimtion of the relevant experimental evidence." On 

** Barttott and Tarbell, /. Am. Ckem. 8oe., B8, 466 (1936) ; 69, 407 (1937). 

Wallia and Adama, ibid., 86. 3838 (1933). 

•*Ogg, ibid., 87, 2727 (1938). 
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the otfa^ hand, it is difficult to account f(u the formati<m of <Moac<y> and 
bromo-j9-Iactones by the addition of chlorine and bromine to aqueous 
solutions of salts of dimethyhnaldo and dimethylfiuuaric add ** vdthout 
recourse to the hypothesis that the positive fragment of the halc^n 
molecule is added as the first step. Fu^er work in this field will be 
of considerable interest. There is, of course, no reason to expect that 
the intimate mechanism of olefinic addition must be the same for all 
olefins, or for all addenda. 



The mechanism of oxidation and reduction by peroxidic structures 
affords an interesting and difficult problem. Owing to the tautomeric 
character of the typical systems and their interaction with adds, bases, 
and hydroxylic solvents, a number of reactive spedes may be involved. 

H— 0—0— HI fH— o— o— H'i+ rn— O— 0— H")-*- 

It LH J”’LhhJ 

H-O— O 

H [:0— 0:]- 

The importance of hydroxylic solvents is indicated by Wieland’s observa- 
tion that peracetic acid does not attack dry acetaldehyde but does attack 
it in the presence of water; however, this difference is not observed with 
benzaldehyde. Wieland * considers that hydrogen peroxide acts as a 
hydrogenating (reducing) agent owing to its abfiity to decompose into 
molecular oxygen and monatomic hydrogen, and acts as a dehydro- 
genating (oxidizing agent throu^ combination with monatomic hydro- 
gen to form water. 

An extendon of 'Wieland’s view by Bancroft and Murphy ^ involves 
the postulation of a reverdble dissociation and the producticm of an 
activated form of oxygen. 'When hydrogen peroxide acts as an oxidizing 
agent, the active qiQrgen is assumed to react both with the substance 

H— O— O— H 2H* + •0—0.” 

H— O— O— H + 2H. 2HiO 

2H- + ‘O— 0* + HI H»0 -H HO— I 

to be oaddized and with the monatomic hydrogen. Th^ have found 
that the hrue dectromotive force of hydrogen peroxide in apprmdmately 
audar add solutums is about J?a «» + 1,16 sb 0.3 volt, and in molm 

**WiaUnd. Ber^ M. sm (1^1). 

*** BwKSfstft md Miu^ur. /. Chm., SS, 377 (1983). 
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potassium hydroodde solutions about Ek"‘ + 0.30 sb 0.03 volt, llw 
data indi^ta that ondizing and reducing agents having a lai^ Ek 
value tha^ hydrogm peroxide (under the ^ven oonditkms) are tedueed 
by it, and those having a smaller value are oxidized. 

Raikovr bdievee that a substance cannot have the saine formula 
as a redudng agent end an oxidizing agent; he attributes redudng action 
to the norxhal form HO— OH, and oxidizing action to the oxonium struo* 
ture H 2 O — O. It ia pointed out that reductions by hydrogen penndde 
are rapid reactions whereas oxidations are slow; these facts are e3g>lained 
on the assumption that the oxonium tautomer is present in small ctmcen- 
trati opp and is formed from the normal structure by a slow reaction. 
This hypothecs does not take into accoimt the circumstance that mther 
pves rise to the same cation or anion. Nevertheless there 
is evidence that tautomeric phenomena are involved in the reactiona <rf 
systemst since disubstituted organic peroxides such as diben- 
zoyl peroxide and diethyl peroxide are much less active than perbenzoic 
add and ethyl hydroperoxide. 

The tautomeric forms of hydrogen peroxide and the monovalent ions 
poBsesB a donor and an acceptor center, and can enter into reaction ly 
codrdination processes. The mode of reaction and observed catalj^ 
effects may be associated with a specific orientation of the codrdination 
w»tw»Vinni«iri j but thc prevalent view is that oxidation-reduction reactions 
in aqueous solutions involve free radicals and proceed by means of a 
nhnin The mechauBsm for aldehyde oxidation proposed by Habw 
and ■Vi^llstattcr,“*.and subsequently modified by others, envisage the 
following steps: (a) formation of an active free radical, by the int^ 
vmition of an atom or molecule containing an undiared electron, or by 
separation of an electron pair; (6) reaction of the free radical w^ 
to form a peroaddic radical; (c) interaction of the latter with the saY>- 
strate to form the oxidation product and regenerate the ongmal free 
radical.* The chain is broken when two similar radicals react, or wlm 
two unlike radicals react to form the addition product. An mhibrtor 


(o) €3H »— + Fe+++ -» CHi— 6=0 -f- H+ + Fe++ 

(6) CHr-O-O + O, -* CHr— CO— 0— O- 

(c) CHr-OO-O-O- + CHr-OH-0 -» OHr-OO-O-OH + CHr-O-O 
{<0 fggf-m--C-0. 4 - HO— C.Hf-0H-> CHr-C0-O-OH+HO-C*Hr-O* 
(e) HO— C»Hr-0* 4- H+ -b Fe++ -» HO— CiHr-OH + F«+++ 

JUttaw, a. «»or,. ^ 

(xam, iTo-tst. 
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such as hydroquinone may interrapt l&e chain through diverdon of the 
peroxidic free radical in a reaction (d) which does not regenerate the 
free radical of the aldehyde, or by direct diversion of the original free 
radical. The inhibitor may be regenerated by interaction with the 
accessory products of the initial activation (e). 

It is significant that aromatic qrstems, containing hydroxyl and 
amino substituents in an ortho or para relationship, are among the most 
powerful auto-oxidation inhibitors.’*** These compounds may be 
regarded as vinylogs of the parent inorganic structures, HO — OH, 
NH 2 — OH and NH 2 — NH 2 . In the organic types the disconWt sys- 
tems can be relieved by tautomerism of a sort that is different from 
that of the parent structures. 



HN=C— CH— OH H,N-i-C=C-i-OH H,N— CH— C=-0 

II II 

H H It It H H 

“Iiiuno.aleohol’* forma "Enolamine” forma ‘'Ketoamine” forma 

The “enediol” and “enolamine” forms of a-hydroxy and a-amino 
carbonyl structures may be regarded as vinylogs of the peroxidic sys- 
tems HO — OH and NH 2 — OH, and this analogy makes possible an 
interesting correlation of their behavior in biological reactions. Thus, 
the relation between an o-amino acid and the corresponding o-keto add 
is analogous to that of an aminophenol and the corresponding quinone; 
the o-hydroxy and c»-keto adds become analogous to hydroquinone and 
quinone, which in turn correspond to HO — OH and 0=0. 

FREE RADICALS 

A free radical is a molecular spedes, usually electrically neutral, in 
which is present an atom bearing a single unshared electron. Such 
structures ccmtain an uneven number of valence electrons and have 
been designated by Lewis * as “odd molecules.” Free radicals are there- 
fore an exception to the most fundamental prindple of chemical combi- 
nation (“rule of two”), and th^ exemplify the hipest de^^ of molec- 
ular unsatuiation (p. 582). 

Free radicals resemble free atmns, such as monatomic hydrogen and 
ddodne, at alkali metals. Although the notion of organic radicals goes 

•wjilottrea and DufnisRe, Chem. Bet., a. 113 (IflZT); Milaa, HtUL, 10. 296 (1932). 
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back as &r as Lavoider, tbe jGrst experimental evidenoe of their real 
existenoe was givm by ^mberg's discovery of triphenylnrethyi in 
1900. The parent substance hexaphenylethane is capable of rev^^ble 
dissoriation eithw into neutral free radicals or into ions, and in this 
respect bears a stroi^ formal resemblance to molecular iodine. 


(CeHg)^ C(C«HA 

/ \ 

gfCsHglaC* BCsHslaCJ BCCCeHsg" 


Radicals 

1 


Ions 


II 


III 



Atoms Ions 


Subsequently, a large number of free radicals of the triarylmethyl type 
have been prepared and also free radicals containing unsaturated atoms 
of nitrogen, arsenic, oxygen, sulfur, tin, and lead (pp. 61&-619). 

A satisfactory interpretation of the mass of experimental observations 
on free radicals of the triarylmethyl type requires a recognition of the 
o'rifl tjinivii of three definite species: electrically neutral triarylmethyl 
radicals (I) and triarylmethyl cations (II) and anions (III).^ "nie free 
radical is formed alone in non-ionizing solvents, and the ions in ionudng 
solvents. Triarylmethyl cations are present alone (probably in a sol- 
vated state) in solutions of triarylmethyl halides in liquid sulfur dioride; 
the corresponding anions exist alone in solutions of alkali metal salts 
in liquid ammonia. 

R,c — Cl [RiC]+Cl~ K* + ’CRs — — ^ K+[;CR*]“ 


The triphenylmethyl anion is dark red and is the most highly colored 
of the three species; the free radical is yellow, and the cation is dther 
colorless or yeUow. Experiments of Wallis and Adams « indicate that 
an uneymmetrically substituted triarylmethyl anion can exist m an 
optieaUy active state, but that the corresponding cation undergoes 
racemization rapidly (p. 398). 

The ability of aryl groups to increase the capacity of an attech d 
atom to absorb an electronic deficit or exc^ (p. 1895) accounts fw 
effect of aryl groups in stabilizing tiie ions of 
ionic dissociation. The power of aryl groups to 

radical containing a single unshared Sw ® Ce^' 

mental property-thdr abiUty to distnbute tibe singlet to a 

ber of positimis in the system (resonance). Tim Bhenyl 

fact that polynuclear aromatic systems are more effective than phenyl 

/. &«.. «. 757 (WOO); 35. U5* (Wl^; C5«n. *«.. t. « 

(1924); a. 801(1035). 
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in stabilizing the radical, and ihe theoreHcal sequence — ^-naphthyl > 
jS-napthyl > p-xenyl > phenyl— is in agreement with the known 
facts. The presence of substituents having a considerable +J effect 
and a — T effect (alkoxyl, halogens) idxoald also increase the eictent of 
dissodation, and this is fotmd to be true. 

Ingold holds the view that *^the triphenylmethyl anion is obviously 
much less stable than the kation.’’ As an illustration of the stability of 
the cation is cited the observation that triphenylmethyl chloride is 
soluble in liquid ammonia with only slight, and reversible, conversion 
into the corresponding amine (ammonolyds) : . 

[R,C]+C1- + 2 NH 3 RsC— NH* + [NH4]+C1“ ( 

Ingold’s view appears to ignore the circumstance that triarymiethyl 
cations are actually formed only in donor solvents (NH3, SO 2 ) tap&ble 
of stabilizing the cation by solvation, whereas the triphenyii(nethyl 
anion exists as such in solvents and in the solid alkali metal salts. 

[RaC]+ + SOa [RBC>-~SOa]+ or [R8(>--(>--S*=0]+ 
[R,C]+4- :NHs [RsC— NH,]+ 

Evidence that hydrocarbon anions are actually more stable thfm the 
corresponding cation is afforded by the fact that in many cases a cation 
ondeigoes internal stabilisation by intramolecular rearrangement 
whereas the corresponding anion does not. The relatively greater 
configurational stability of the triaryl anions, already dted, may be 
considered to throw further doubt upon the view expressed by Ingold. 

Even relatively stable free radicals, such as the triaryhnethyls, are 
extremely reactive substances. Thqy react readily with alkali metals, 
molecular oxygen, iodine, xiitric oxide, and other free radicals; wdth 
ethers, esters, ketones, nitriles, and hydrocarbons they form additive 
compounds inyolving one molecule of the substrate and two of the free 
radical. Studies of the velodty of dissociation of hexaphenylethane 
by the addition of a reagent (halogens, nitric oxide) that reacts instantly 
with the free radical diow that the reaction is strictly unimolecular and 
is almost independent of the solvent.** The period of half-diange of 
hexaphenylethane was found to be 3.3 minutes. 

The behavior of hexaphenylethane toward oxygen ^ was found to 
involve the formation of a labile peroxide whidi gives rise to chain 
Returns. 

I I Ihaold, Ann. Repte. Chem. Sot. iLondon), S5, 1S6 (1928) 

'i ^ mwia mad Rom, /. Am. Ckam. Soe., 2789 (192S). 

V Ewsld, Ann., SM. 102 (1983). 
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RsC—CRa ?± 2R|C* 

RgC* + *0 — 0» — > RaC — 0 — 0* 

RaC— O— O* + RaC— €Rs RaC>~<)--0~-CRa 4- RaC* 


In the presence of an excess of pyrogallol the reaction follows a strictly 
unhnolecular coursei and exactly two molecules of oxygen are consumed 
per molecule of the ethane. The inhibitor functions by its ability to 
effect an instantaneous fixation of the labile peroxide, converting it to 
RsC — O — OH. 

Free alkyl radicals were first prepared and studied by Paneth^^* 
in 1929. Free methyl and ethyl radicals were obtained by thermal 
decomposition of the lead alkyls in a stream of pure hydrogen at low 
pressures (1-2 mm.). The free alkyls were found to effect direct alkyla- 
tion of such inactive elements as lead, antimony, zinc, cadmium, bis- 
muth, and tellurium. Further work by Rice and his collaborators 
has ^own that free alkyl radicals react readily with alkali metals, 
calcium, mercury, lanthanum, thallium, arsenic, and selenium; no alkyl- 
ation was observed with magnesium, copper, silver, gold, and cerium. 
The products formed by reaction with arsenic, antimony, and bismuth 
consist of trialkyls, dialkyls of the cacodyl type, and pol 3 meric noono- 
alkyls (except with bismuth). With tellurium only dimethylditelluride, 
CHa — ^Te — Te — CH 3 , is formed and no dimethyltelluride, (CH 8 ) 2 Te. 

The half-life period of the methyl and ethyl radicals is only about 
0.006 second, which is even shorter than that of atomic hydrogen under 
similar conditions (ca. 0.1 second). Experimental studies of the hi^er 
alkyl radicals * indicates that these decompose readily into methyl or 
ethyl radicak and olefins. It is estimated that about 75 per cent of the 
free 7i-butyt radicals formed by the primary thermal decomposition of 
dw^-butylmercury break up into ethylene molecules and ethyl radi- 
cals.«*» 

A consideraUon of the reactions of free alkyl radicals with organic 
molecules (in the gaseous state), based upon the assumption of free 
radicals in thermal and photochemical decomposition, indicates that 
they attack the carbon-hydrogen link and not the carbon-carbon link."* 
The thermal or photochemical decomposition of acetaldehyde is inter- 


^ Paaeth and Hofedits, Ber., SS, 1335 (1929) ; Paneth and Lautadi, Bar., 65, 2702 


(1031). 


^ Rloe and Bioa, **Tba Aliphatic Free Badicals," Johns Hopkms Press, Baltimore 


(1935). 

n* Ptoeth, Trans. Faraday Boo., 80, 179 (1934). 

^Bvidenoe for the existenoe of the n-propyl radical has been obtained fay Pearson 
and Pnreea, X. Cham, Soe,, 253 (1936) ; its haU4ife period is estimated to be about 0.002 
second, which is only one-third that of the methyl or ethyl radical. 
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preted from a free radical standpoint by tiie following chain 
mechanism (I) : 

CH,- + CHr-CH— O CH 4 + CHr-C— 0 

OHt — C^“0 C^sO •f" CHs" 

A methyl radical, produced by thermal or photochemical excitation, 
attacks the C — link of the aldehyde molecule produdng methane and 
a labile aldehyde radical. The latter decomposes rapidly with loss of 
carbon monoxide and regenerates a methyl radical, which continues the 
cycle. It is found experimentally that the products are entirely /methane 
and carbon monoxide. The psrrolysis of acetone to yield keiene and 
methane (II) is explained by a similar mechanism.'*** But the photo- 

II CH,- + CHr— CO— CH, CH, + -CHr-CO— CH, \ 

•CHr—CO— CH, -» CH#=C=0 + CH,- \ 

chemical decomposition of acetone yields ethane and carbon monoxide, 
and it is difficult to account for this difference if both reactions are 
assumed to occur by way of free methyl radicals. 

The possibility of free radicals being formed as intermediate products 
in the course of chemical reactions in the liquid state or in solutions is 
only occasionally supported by the experimental evidence. In general, 
ionic or pseudo ionic mechanisms (p. 1865) are the more common modes 
of reaction, and free radicals arise only under rather special conditions. 
There is convincing evidence that thermal and photochemical decompo- 
sitions occur by way of radical chains. Other reactions in which free 
radicals may arise are those involving alkali metal atoms (metal ketyls, 
Wurtx-Fittig reaction), monatomic hydrogen, molecular iodine, molecu- 
lar oxygen, hydrogen peroxide (and other peroxidic systems), quinones, 
nitric oxide (and odd molecules in general), atoms and ions of the transi- 
tion elements, and eleetaolysis. 

The addition of tne ta llic sodium or lithium to arylated olefins (p. 506) 
and dienes may be cited as an illustration of a reaction involving free 
radicals. Schlenk and Bergmann'" found that an atom of sodium 
initially adds a tin|^ electron to the carbon directly attached to the 
aromatic ring, giving a product analogous to the metal ketyls. Tire 

Na- + (C,H,)K>=CH, -» Na1(C,H,),6-CH,l- {(Cai,)rf>-CH,!- 

- Na'1(CJi,).0--CTr-CHr-^C5JHd]N^ 
Na* -b (CJB[,),0-C(C,H,), -♦ Na1(C,H,),6-C(C,H,)d- 

^ Na,+1(CJidrf>-C(0,H,)J- 

Sdil«iik and Bargmann, Ann., 4iS, 1 (1928). 
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subsequent course of the reaction is detenidned by the stability of the 
initial product. In the case of l,l-<liphensdethylene, two of the units 
combine to give the disoditim derivative of 1,1,4,4-tetraphenylbutane. 
With tetrai^ieuylethylene, dimerization does not occur but reaction 
with a second atom of sodium gives the disodium derivative of tetra- 
phenylethane. Conant and Scherp” have found that koprene and 

2.3- dimethylbutadiene add two molecules of triphenylmethyl in the 

1.4- positions, and this reaction can be formulated in a timilar manner; 
there is also the possibility that it occurs by an ionic mechanism. 


CH, CH, 


2(C«H*),C- + CH*=C- 


CH, CHi 


— > (C*H6)iO~"CHg — C C — CHsf~C(C*Hj)j 


[R,C:]-Na+ + 

-4 [R,C— CHr—CH^CH— CHj:]-Na+ + H— NEt» 
-♦ R 3 C-CH^H===CH— CH» + Na+[:NEt,]- 


Ziegler and his collaborators have found that alkali metal alkyls are 
active polymerizing agents for 1,3-dienes. By arresting the polyrnwiza- 
tion with di^thylamine, phenylisopropylpotasaum and butadiene gave 
l-(phenylisopropyl)-butene. The mechanism of this polymerization is 
not clear, but if the active reagent is the alkyl ion, the process would 
follow an ionic Tpe t^b a nism . This view finds some support in the observa- 
tion that the effectiveness of the alkali alkyls decreases in the order- 
benzyl > phenylisopropyl > triphenylmethyl — which is the rwerse of 
the anionic stabilities and therefore parallels their donor activity. 

The observation that molecular oxygen arrests the photc^talyz^ 
a dd iti on of bromine to cinnamic acid suggests that a radical chain 
occurs in the reaction. 


Br, 2Br- X=Y + Br* -♦ X— Y— Br* 
X— y — Br* -1- Brj —* Br — X — ^Y — ^Br + Br* 
.0_0. -I- X— Y— Br* -» X==Y + *0— 0— Br 


.0 — 0 — Br-f-Br* -♦ Bri+ *0 — 0* 

Molecular oxygen may arrest the chain reac^n by ronye^n of the 

labile bromo*olefin radical (formulated as X Y Br*) m eonpnal 

»» Ziai^w and orflaboratow. Ann., SU, 13, 

Danidb and Bauer. /. Am, Chem. Soe., W. 2014 (1934), 
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ol^ and a ataldar bramo-oacyigen radical; tha latter ctoea not attack 
olefin but can react with a Imnnine atom to regenerate mcdecular 
asygen and bromine. The addition of halogma and halogen acids to 
olefins in the dai^ and in tire fnesence of polar catalysts or solvents 
a{q)ears undoubtedly to involve an ionic mechanism (p. 1864), and in 
these cases molecular oxygen has little m im effect. 

In some instances it appears that the otefin itself reacts with molecu- 
lar oxygen to form a labile peroxide and that the latter may altmr the 
mechanism of addition so as to bring about a reversal of the orientation 
of addition (p. 638). Studies by Kharasdi and his collaborator^ ” indi- 
cate that the addition of hydrogen bromide to highly purified olefiins 
in the absence of molecular oxygen or peroxides (or in the preKnce of 
anti-oxygens) occurs m the direction anticipated from theoretical con- 
siderations. This reaction, designated as the normal addition, follows 
a polar mechanism and usually occurs much less rapidly thm the 


CHs=-CHR + HBr 


N. 


CH,— CHBr— R 

Nonnal reaction (polar) 

CHjBr— CHr-R 


Ferozide-oaiBlysed reaction 


peroxide-catalysed reaction. It is possible that the peroxide-catalysed 
addition occurs throu^ an intermediate radical, but the detailed mech- 
anism is uncertain. The orientation of addition of hydro^mi iodide to 
olefins is not reversed in the presence of peroxides, but this result may 
be due to the destruction by hydrogen iodide of the original peroxide 
or of a labile intermediate. 


TAUTOMEKZSM 

Tautomeric structures were classified by Laar ^ in 1886 as c^d, 
triad, tetrad, and pentad systons, depending upon the number of atoms 
intervening tetween the initial and final poritions of the mobile hydrogen 
atom. This classification serves as a convenient bams for conrid^ticm 
of their electronic characteristics.^^ rihe ionic mechanism of tautomeric 
change (ionotropy) is now clearly estaUished, and the two differmit 
types of exchange-are distimpiished by the to^ prototeopy and aniono- 
tropy. The salient features of prototropm <£aDge, without r^erence to 
the actual mediamsm, are the foUowmg: (a) aqiaration of a proton, 
(6) redistribution of the disengaged dectron-pair by electarommic dis- 
u*Uair, B*r.. U. e4S (1885). 

^Baloer, **Tautomemxii/* Bootledfe and Sons, Londoa (1034); tea, alaot Watar9» 
**Flgl«ieal Aipeots of OisBoio ChMuistiirr** Boutledge and Sons, London (1385) ; Watson, 
"Modem Tbeoiies of Ofganio ChmMry,* OziMd Univentit^ Press (IW) ; Bnuioli and 
"ns 1%60fr QunalsttF,” Prentios.aaiU Now Yodc (1941)* 
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plaoemestB Jn the reeuMng ankm, (e) reo^nl^taoa at -Uie 

new a n icMtt i c eenter. Aiu(H}otr(q)ie ohai^B |he convene ni n" 
tbnahip, Involving separation of an ankm and redistaibutioa of the 
resultl^t^tirQaic deSdt (open sextet). 

Ab a matter of oonvenimioe tautomeric change is formulated fre> 
quently as an intimnolecular n^nlaon, but physical endence Indicates 
that the process involves an actual separation of the ions concerned.^ 
Prototropic diange does not take place m the vapor or in the soUd state; 
it is catalysed by proton-donors and proton-acceptors (adds and bases), 
and is fadHtated by an amphotmc solvent su^ as water. Brbnsted 
and Guggenheim have formulated the isomeric change in the presence 
of an amphoteric solvent by the general equation: 

B; -I- H— S + 'EApt [BH]+ + S— H -|- [;A]- 

Tbe symbols H — S and S — are used to indicate the two forms of a 
prototropic compound; B and HA represent a basic catalyst an^ its 
conjugate add. It wffl be observed that either isomer diould ^ve rise 
to an identical anionjmn essential feature of the tautomeric rdationship 
is a condition of equitmrium between two or more resonating structures 
(unperturbed states) of the anionJ 

The condition of resonance may be indicated by writing the stiucture 
of one of the final (unperturbed) states and attaching the usual curved 
arrow symbols diowing how the electromc configuration should be 
modified to represent the actual electronic distributitm in the system.* 
Ibe keto-enol systems provide typical illustrations. The converdon 
of one form of the anion into the other does not reqmre the reaxrange- 

a a -IT ■ f r n~ « a -r 

H*C— O— 0 -» LHO— O—Oj ^ LhO-C— 0: J -» HO-C— OH 

Koto f oim MeBomsrio anioM Bnol totm 

ment of any atomic nuclei, and the anion may react chemically as if it 
possessed ^ther structure. As the terminal atoms are not identicali the 
disbibutlon of the azuonic charge between a and ir is unequal and wffl 
be determined by their relative electron-attraction (effective nuclear 
charges) and polarizabilities, including the influence of attached groups 
(internal factors) and of the environment (external factors). 

Mid OugfiBOiilidiiiif «r. Am* Chwi* Soo*t 49« 2554 (1927). 

9 Trt ^ld (/. Chem. Soc., 1120 [1930] ; Chem* Kw., IS, 225 [1934]) has pomted out 
tWa iiotfitioa* do68 not distinguish botwssn an elsotromorio pol w isal^i t y sffoot and n 
inosoinatio poladaatlon, for tho curved arrows merely denote a mechanism of electronic 
which id supposed to <haiaoterise a molecular state or n process oeoatring 
in the course ol a reaction. He has introduced curved bond signs without anoWs to 

f 

the ‘‘distributed” electron pairs; O— CIt— O would repreehnt the mesemcric 

ITS 

state of a carixModate anion tather Ihan 0*«CBr"*O« 
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Dyad Sj^stems. Lapwortii*’^ pomted out maior yeats ago tbat 
tautomerism in odd-numbered systems (triad and pentad) does not alter 
the valence of any atom, but when an even number of atoms is involved 
(dyad and tetrad) the valence of one of the terminal atoms is changed 
by two units. Consequently, dyad and tetrad tautomerism can arise 
only in ^ystmns containing a terminal atom of variable valence, sudi as 
'nitrogen, oxygen, or sulfur. The typical dyad system, hydrogen cya- 
nide isocyanide, was considered to involve bivalent carbon; the 

H— CssN O-N— H H— C^N: ^ 

modem interpretation of this change is based upon the formulation of 
the isocyanide as an electrical dipole.” The dectronic theory Ws led 
to recognition of the circumstance that dyad and tetrad tautomerism 
always involves the creation of an electrical dipole and that'the 'wlence 
increase of two units consists of one covalence and one electrovmence. 
In the cyanide isocsranide transformation, 4-covalent carbon becomes 
3-covalent and acquires one electrovalence (anionic) ; 3-covalent nitro- 
gen becomes 4-covalent and acquires one electrovalence (cationic). 

Oxime-nitrone tautomerism affords another illustration of valence 
changes in dyad prototropic systems. This type of tautomerism occurs 
in relatively few organic compotmds but more frequently in inorganic 
molecules, such as nitrous acid, sulfurous add, hypochlorous add, 
hydroxylamine, hydrazine (see peroxidic systems, p. 1924). 

R,0-N— OH ^ RjC=NH— 0 0=N— OH ^ 0*=NH— O 

Prototropio dytd HyBtenui 

CeHs— N^N^H [Cmr-N^:] [:OHl~ 



Axuonotropio dyad ayatema 


ExampleH of dyad anionotropic systems are. found in the pseudobases 
encountered frequent^ in alkaloid chemistry and in the diazonium 
hydroxides. 

Individual isomers of t^ds are unknown, and it appears plaunble 
to assuiue that <ii,/3>migrations can occur spcmtaneously or, at least, 
more readfly a,‘y-uugrations. The apparendy qxmtaneous inter- 
diange in dyad systems is probably due to intermolecular aseodadon 
u’ Lapirorth, /. Chtm. See., 7S. 467 (1898). 
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iDVolvixig 2-coivalent hydrogen (hydtogen-bridgeB). Res(»uinee effects 
in the aesodated molecules tend to bring about a condition such that 


RjO=N N=CR» R»0=N N=-CR» 


— 0 ^ 
Dimerio “oxiine’* fotm 


Dimerio “nitrone** form 


the “tautomeric” forms lose their structural identity. Thus, the die* 
tiTifttinn between an oxime and a nitroixe vanishes when dimerization 
occurs. Ritnilar resonating forms may be produced also in certain triad 
prototropic systems, especially those in which the terminal atoms are 
oxygen and nitrogen (amides, amidines, diazoamino compounds, etc.). 
It is remarkable that these are the particular cases in which all attempts 
to separate the individual tautomeric forms have been unsuccessful. 

Triad Systems. The best-known examples of tautomerism are the 
prototropic triad and pentad S 3 r 8 tems. These may be represented-ty a 
general equation, in which the atoms X, Y, and Z may be carbon, 
nitrogen, or oxygen. 

X=Y— Z— H ^ H— X— Y=Z X=Y -H Z— H -♦ H— X— Y— Z 

Triad prototropy Addition reaction 

A close relationship exists between tautomerism and reversible addition 
reactions;™ the mechanism of tautomeric change is an intermolecular 
process involving proton addition and elimination (p. 1936). The more 
important types of triad systems are shown in Table XXIII. Pentad 
systems may be r^rded as extensions (vinylogs) of the corresponding 

triad structures.' 

' TABLE XXni 


Tbud Taotomebic Stbteus 


T'hrttP rutrlinn . 


(3=0— 0—H 

TTAfywAnnl 

H— C— 0=0 

C=srC— Q— H 

TminiY-AnftTpinA 

. T . . - .11— C— CJ=sN 

0=O-N— H 

Mifnln.imiTiA 

H— C— CsbN 

C>*0«N— H 


H— 0— N=N 

0=N— N— H 

^itmHfvoTriTnA - . 


0=N— O-H 


H— 0— N=0 

0=N— 0— H 

A mida^imirinl ..... 

i 

0 

H— N— 0=0 

i 

0 

N=C-0— H 

AmiriinA 

H— N— 0=N 

N=0— N— H 

Tlioa!Ao.minA 

H— N— N—N 

N=N— N— H 



H— N— N=0 


AtoBc 


0=0-0— X 


^ IngoM. ihii,, us, 1700 ( 1823 ). 
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The mergy rdatacnu^ps of tautozoeis have been eacamioed by Brandi 
and Calvin, 'who have calculated from band ^lei^ee the difference in 
eDsaegy (Afi) for the tautomerio change of a number of triad systems. 
These values ate only roi^ approrimations since they do not t^ into 
account the resonance ener^es and electrostatic ener^es. Ho'wever, 
the values th^ have obtained correspond 'vrith the generally accepted 
views that, in ample cases, the ketones and alddiydes are stable with 
respect to the 'vinyl alcohols,* the amides are stable with respect to the 
imidols; the aldimines and ketimines are stable with respect to the vinyl 
amines; the oximes are stable with respect to nitroso compounds; diazo- 
hydroxy compounds are stable with respect to nitrosoaminesj[ hydrar 
zones are stable with respect to azo compounds. 

TABLE XXIV 

AH FOB Tbias Tautoiodbic Chakobs 
(Calculated from bond energies) 


H— X— Y==Z X=Y— Z— H 


Alddiiyde enol 

kcal8./mo1e 

+15 

Nitroso oxime 

kcal8./mole 

-12 

Ketone -♦ enol 

+18 

Diaso nitroBoamine 

8 

Amide ^ imidol 

+10 

Axomethine 

0 

Imine enamine 

+ 8 

Azo hydrazone 

- 9 

Three carbon 

0 

Diazoamino 

0 

Amidine 

0 




Bing-chain tautomeiism affords a striking illustration of the analogy 
between tautomeric change and reversible additive reactions, since the 
ring form is an obvious addition product. The rings most frequently 
encountered are fi've-membered cycles containing one double bond and 
fi've- or rix^monbered saturated oydes; occarionally, three-membered 
rings occur. 

CH— OH 

/ \ /OH 

H— 0--CH--0 H— C \ Br-O— 0 E— C< 

II ^ \\ 0 1 ^ 1> 

H— 0— COiH H— C / CHaOH CHi 

^CO 

and CUrin, "The Theoty of Oiaanio OmMirr,” Itaatioe^Ml. Htw YoA 

(IMBk 
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R— CH-»CH-~CHi— Br 

IT 

R— CHBr— CH— CH» 


The recognition of anionotropic triad systems is comparatively 
recent,'^ and the examples are limited almost entirely to the three- 
carbon (allylic) type. Interconversion of the 1,2- and 1,4-adduots oi 
conjugated dienes, the sym.- and un«^.-phthalyi chlorides, and deriva- 
tives of cinnamyl and phenylallyl alcohols*" are typical examples. 
The study of anionotropic change has not yet advanc^ as far as that 
of prototropic change, but it is of interest to note that a number of 
generalizations relating to their mobility and equilibrium, deduced from 
theoretical considerations, have been verified experimentally. The tend- 
ency to migration in the o-phenylallyl — cinnamyl series for different 
potential amons follows the same sequence as the ionic stability: bro- 
mide > acetate > alcohol. 

C,H6— CH— CH=CHj C,Hr-CH=<!H— CHr-OH 

I 

OH 

cfr-Phonylallyl alcohol Cionamyl alcohol 

The individual alcohols can be obtained separately, and each can be 
esterified without a change of structure. Conversion of the a-phenylr 
allyl est«B to the cinnamyl esters can be effected by heating in a solr 
vent; the rate of conversion varies with the ionizing power (dielectric 
constant) of the solvent: benzonitrile, acetic anhydride > chlorobenzepe 
> p-xylene. Isomerization of oe-phenylallyl bromide is ectrandy 
rapid, so that the alcohol yields cinnamyl bromide vhen treated with 
hydrobromic and acetic atids. The observed influence of o-substituents 
upon the mobility of allylic systems is in agreement with the anticipated 

p-Clr-CeHf- » CHr-C»H«— > C*Hj— » CHr“>H 

sequence,*®* based upon the view that the mobility increased by any 
group which can facilitate electron release (“■/ or — IT effect). 

The most effective activating groups for prototiofac Ghange will be 
, tw* tiiat have a strong electron attiaction and can also jobvide a 
u*Biirton aad Ingcdd, /. Ckm. Soe., 90i (1828): Burtcm, ft**.. 8^ (ISM)- 


a 

0— Cl 


II 

H— o— CO— a 



Anionotropio gystems 
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suitable seat for the charge on the diectromeric anion. An , ammonium 
group — NRa'^, in spite of its powerful electron-attraction (+/), does 
not satisfy the second requirement and, consequently, has only a weak 
activating influence. On the other hand, nitrile and carbonyl groups, 
which satisfy both requirements, have an extremely powerful activating 
effect. The relative activating effects in a smes of carbonyl structures 
— CO — will be ^ihanced by the ability of E to reinforce the electron- 
attraction of the carbonyl carbon (+i)> but will be diminished by an 
ability of R to furnish electrons by electromeric electron-release (see 
neutralized systems, p. 1910). On this basis the activating ^fluence 
of a series of groups, substituted at the a- or ^-position of a triaq system, 
would decrease in the following order: 

Activation effects in XssY — ZH — ^A=B 

A*=B is — CO— C02Et> — CO— H> — CO— CH,> — CO— Cl> 

— CO— OCH,> — CO— NH*> — CO-b 

The anticipated order is in excellent agreement with experimental 
observations of the behavior of prototropic systems. It is of interest 
to note that substitution at the jS-position has much less effect than at 
the a- or ^-positions. Indeed, if the terminal atoms X and Z in a 
triad system X=Y — ZH remain constant, variations of Y havte but 
little influence on the mobility of the system. 

Pentad Systems. When two activating groups X=Y and A=B 
are attached to the same atom, there results a pentad system of the 
general form X=Y — ZH — A==B. Many of the best-known examples 
of tautomerism fall into this class, which may be r^arded as “extended” 
or “double” triad systems. In the pentad structures the mobility is 
determined largely by the characteristics of X, Z, and B; the atoms 
Y and A are much less significant. 

^ In ample keto-enol triads the position of equilibrium is very strongly 
toward the keto form, aScT effective enolization is usually brought about 
through the influence of powerful reagents (strong acids or bases). 
In general the extent of enolization is greater in the pentad systems, and 
in many cases the- equilibrium nuxture contains moretEan 50 per cent of 
the enol. The large amount of enol is probably due to the circumstance 
that the pentad eystems permit the formation of chelate structures 
invrflving 2-covalent hydrogen (p. 1869) which derive additipnal stability 
from resonance ^ects. The phenols afford an excellent example of a 
parallel phenomenon; the enol form of a phenol is stabilized through 
the partidpation of t^ C=Ki in the resonance of the aromatic nucleus. 
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A survey of the applications of modem electronic themies of cbemi* 
cal reaction reveals that much progress has been made in the direction 
of correlating the vast subject matter of organic chemistry. The modem 
theories are more definite in a physical sense and yet are broader in 
aspect than the former theories. It is evident, of course, that many of 
the individual postulates and general ideas of the modem theory had 
existed in the earlier conceptions of Kekul 6 , Michael, Thiele, Lapworth, 
Fllirscheim, Noyes, Stieglitz, and others. The new theories appear to 
present the essential truths of the older views in a more precise and un- 
ambiguous fashion, to eliminate misconceptions and inconsistencies in 
the older views, and to bring together many apparently isolated phe- 
nomena. 

An important contribution of the modem electronic concepts of 
valence as a basis for the interpretation of reaction mechanisms is this: 
the imposition, by the introduction of a few fundamental generaliza- 
tions (especially the principle requiring the maintenance of ^rtable 
electronic configurations), of certain definite limitations upon the forms 
of electron displacement which it is permissible to assume in the course 
of chemical change. 

In conclusion it is appropriate to note briefiy a few of the significant 
contributions of the modem theories. The recognition of two kinds of 
valence forces, electrovalence and covalence, has led to more accurate 
molecular models of organic systems and has rectified errors in the older 
stmctural formidas. The broad concept of electronic resonance (meso- 
merism) has been of great value in correlating structure and chemical 
reactivity. The notion that a hydrogen atom can hold two atoms to- 
gether (2-90valent hydrogen, or hydrogen-bridge) has served to bring 
together and clarify a large number of experimental observations that 
had long been regarded as unique or unrelated phenomena. 
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miRODucnoN 

The development of the quantum mechanics during the last decade 
has led to the clarification of many concepts previously originated by the 
chemist regarding valence and the nature of the chemical bond, and also 
to the introduction of some new ideas. Of the latter the most important 
is the idea of resonance, and especially of the resonance of a molecule 
among several valemse-bond structures, whidi, although foreshadowed to 
some extent by early chemical theories, had not been clearly formulated 
on the basis of empirical evidence.* In this chapter we shall discuss in 
a systematic way the essential features of the modem conception of 
the chemical bond, omitting, however, all quantitative calculation, the 
quantum-mechadical discussion being restricted to the qualitative de- 
scription of the results which have been obtained and the discusson of 
the physical and chemical concepts involved.^ \ 

The treatment of the chemical bond and the structure of molecules 
given in this chapter is based largely on the fundamental concept of the 
shared-electron-pair bond as formulated by G. N. Lewis and developed 
by many investigators. A description of this development is given in 
Chapter 25, “Modem Electronic Concepts of Valence” (p. 1821), in 
which references to the earlier literature are contained. 

THE ELECTROmC STRUCTURE OF ATOMS 

During the last twenty-five years a large amount of experimental 
information has been gathered regarding the stmcture of atoms, relating 
to the frequencies and intoisities of spectral lines, the magnitudes qf 
resonance and ionization potentials, the behavior of atoms in magnetic 
and electric fields, etc. This information has, after much effort, been 
correlated through the development of a theory whidi seems at present 
to represent in a completely satisfactory way the extranuclear electronic 
stmcture of atoms. This theory, called quantum mechanics or wave 
mechanics, is a refinement of the old quantxim theory. It is not a com- 

* The idee of the zeaonanoe of molecules among several valence-bond structures, to 
which a vague resemblance is shown by Kekul^’s theory of the benzene ring and Thiele’s 
theory of partial valence [Thiele, Ann., 806 , 87 (1890)], is much more closely approximated 
by Arndt’s theory of intermediate stages [Arndt, Sc^lz, and Nachtwey, Ber., 67, 1903 
(1924) ; Arndt, Ber., 68, 2963 (1930)] and the theory of the mesomeric state developed by 
^ English and American organic chemists [Lowry, J. Chem. 8oe., 822, 1866X1923) ; Lucas 
^smd Jameson, J. Am. Chem. Boe., 46, 2476 (1924); Robinson and co-workers, J. Chem. 
Sec.s 401 (1926) ; Ingold and Ing^d, ibid., 1310 (1926) ; see in particular Ingold, Chem. 
Bee., U, 225 (1934)]. 

^ See Linus Pauling, **The Nature of the Chemical Bond,” Cornell University Ptess, 
Xthaoa, New York (1940), 2iid edition, for a more detailed treatment of the sul^ect. 
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plete theory of the physical world— it has not been found possible to in- 
clude within it all the refinements of the theory of relativity, or to ex- 
tend it to encompass electromagnetic phenomena and the structui^ of 
atomic nucld— but in the field of atomic structure and molecular struc- 
ture the very extensive agreement between deductions from quantum 
mechanics and the results of experiment together with the extensive 
experimental verification of theoretical predictions h^^ caused most 
theoretical scientists to consider the theory to be generally valid. 

In the following paragraphs a brief outline is given of the present 
views regarding the electronic structure of atoms. The statements made 
here without support are based upon 
many experimental facts, but lack 
of space necessitates their omission. 

According to the Bohr theory 
the electron in the hydrogen atom 
in its normal state revolves about 
the nucleus in a circular orbit with 
radius oo = 0.529 A (1 A = 1 X 10-* 
cm.) and the constant speed vq » 

2.182 X 10® cm. per sec. The quan- 
tum-mechanical picture is similar 
but less definite. The state of motion 
of the electron is represented by an 
orbital (an orbital wave function), 4^, 
obtained by solution of the Schro- 
dinger wave equation. In the physi- 
cal interpsetation of the quantum 
mechanics the square of the wave function, represents the prdbor 
bility distribution function for the position of the electron, such that 
is the probability that the electron be found in the volume element dV, 
and dr the probability that it be found between the distances r 

and r + from the nucleus. These quantities are shown in Fig. 1, as 
calculated for the wave function 



in which r is the distance from the electron to the nucleus. It is seen 
that the el^ron is not restricted to the distance oq from the nucleus, 
but t ha t it does remain most of the time at about this distance, which is 
ind ee d the value of r at which the radial distribution function has its 
valuc. Moreover, the speed of the electron is also not con- 
stant, but can be similarly represented by a probability distribution fune- 



Fig. 1. — ^The probability functions and 
4irrV^ for the normal hydrogen atom. 
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tion, and it is found that the root-mean-tKiuaiie q)eed has just the B(^ 
value tfo. The normal hydrogen atom can aooor^i^^y be desoibed by 
saying that the eleetoon moves in and out about the nudeus, with about 
the qieed so, in sudi a way as to remain most of the time within a dis- 
tance not much greater than og. Over k period of time long enough to 
permit many eydes of motion of the electron the normal hydrogen atom 
can be described as consisting of the nudeus surrounded by a spherically 
symmetrical ball of negative electridty (the dectron blurred by a time 
exposure of its rapid motion). The exponential nature of the wave funo- 
ti(m makes it imposdble for us to assign a definite radius to the/ atom, 
which fades away gradually with increadng r, but from Fig. 1 n may 
be said that it has a radius of around 2ao (or Soq), since the chanw that 
the dectron gets beyond this distance is small. \ 

The dectaon itself has a spin (similar to the rotation of the earth 
about its own axis), and the spin can be oriented in dther one on two 
ways (+ or — ) rdative to a specified direction. Only two dectrons can 
occupy the same orbital, and these two only by having their spins op- 
posed (Pauli exclusion principle). The normal helium atom consists of 
two dectrons with opposed spins occupying the la orbital. In normal 
atoms containing more electrons the Is orbital is alwasrs occupied in this 
way by two dectrons, which are said in this case to constitute a amp\eted 
shell, the K shell. The size (linear dimendons) of the K shell varies 
about inversdy witir the effective nuclear charge, the helium atom being 
about one-half as large as the hydrogen atom, the lithium ion li'^ about 
one-third as large, and so on. 

The next outer shdl is the L shell, consisting of the four orbitals 
28, 2pj!, 2pt„ and 2pt, of which 2s is somewhat more stable than the 
2p’8. In the atoms lithium to neon, dectrons are introduced in these 
orbitals, two dectrons in the same orbital having opposed spins; this 
^ves neon a completed L shdl of dj^t dectrons. This dedronie eonfig- 
ttration is represraited by the qnnbol Is* 28* 2p,* 2p„* 2p,* or Is* 28* 2p®, 
the superscript diowing the number of electrons occupying the orbital or 
orbitals. the numbers 1 and 2 (for K and L sh^, respecUvdy) ^ve 
the values of the totd quantum number n, and the letters a and p represent 
the values of the cmmuthal quantum number *~l (a, p, d, /, etc., corre- 
spon^ng to Z — 0, 1, 2, 3, • • *, tt — 1). 

Ih an atom or monatomic ion tlM electrons tend not to p^ wiUi one 

^ quantum tiiieory the asimuthal quantum number determined the ecoen- 

the ellijitioal orbit. Thle interpretation ie retained eeeentiahy in the quantum 
9 orbital in a givm ahdl being the moft eooentrio and i>enet«ating meet 
dfcfqply ^to the core, ^eporbitale neat, and eo on. Ihe greater penetration into the core 
(the siffum pear the nuolm) leads to greater stability’s and thus gives rise to the stahiUtgr 
ieqashee > np > nd, etc., indicated in Fig. 2. 
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flootber (Iqr ooeuiqring the same orUtal, thw spiss bong cqqKwed), bat 
instead to oeoapy diS«?eat orbitals, keej^ their spms paraDel. For 
examfd^in the normal nitrogen atom th^ are three unpaired etocttomi. 
The two most stable orbitals, 1« and 28, are occupied by pairs, whereas 
the three next orbitals, 2p„ and 2p«, which do not differ in stalMty, 
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Pio. 2, The approximate stabiKty sequence for atomic orbitals, the lowest ctode 

representing the most stable orbital (1«). Each circle represents one atomic oiln^, 
whi«b can be oocui»ed either by one electron or by two electrons with opposed 
In the Is ortritol is filled (with two dectrons), in neon the Is, 2s, and throe 

2p orbital3, and so on. 


are occuiaed by one electron apiece. In oxy^ the eighth elected must 

pair with one of these three in order to enter the L shdl, leaving only 
two unpaired electrons; the same process leads to one unpaired deotron 


in fluorine and none in neon. , 

There are orbitals in the shell with total quantum n, 1 in 

a» X ihfa 4 to tie 1. » h tie , 18 ta Ike W, «nd so oMl» « 

eteetatoe <w»p,tag o oomptoted sheD betog ttae m 

nhttn energy yetoee lor atomic orbi^ ere 

meet etoileotMtelebAig lie bwet. It«iee»th«tie Jf eWltewi* 
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completely filled with diectrons before the N orbitals begin to be occu- 
ped. Instead, after ibe 3$ and 3p orlatals are occupied by an “octet” 
of ei^t electrons, giving tiie stable argon configuration 28^ 2p*‘ 
3s® 3p®, electrons enter the 4s orbitals (in potassium and calcium), and 
only later, in the iron-group transition elem^ts, are the 3d orbitals 
filled by their complement of ten electrons. The palladium and plati- 
num transition elements (ten of each) correspond to filling the five 4d 
and five 5d orbitals, respectively, and the rare earths (fourteen) to filling 
the seven 4f orbitals. 

It must be mentioned that the stability sequence shown in I|ig. 2 is 
not always strictly applicable. In potassium and calcium the 4sy>rbital 



Fio. 3. — ^Tbe radial electron distribution function for the rubidium ion, showing four 
electron shells, the outermost being not well defined. (From calculations by Hartree.) 


is more stable than the 3d orbitals, and hence is occupied by dectrons 
whereas with increase in the atomic number (iron, cobalt, nickel) the 3d 
orbitals become more stable than the 48. The same change in relative 
stabilily of orbitals takes place in the other transition series. 

The outer shell of many stable monatomic ions consists of an octet of 
dght electrons in s and p orbitals (noble-gas type) or of eighteen elec- 
trons in 8, p, and d orbitals (eighteen-shell type — Zn"^'*’, etc.). 

The radial electron distribution function for rubidium ion, with the 
ccmfiguration l8® 28® 2p® 38® 3p® 3d*® 48® 4p®,'Ts shown in Fig. 3. The 
K, L, M, and N shells are represented by the successive humps. 

SLBCTROSTATIC BONDS AND COVALENT BONDS 

It is convenient to consider three gmeral classes of chemical bonds: 
dedrotHatic bonds, covalent bonds, and mdallic bonds. This dassification 
is not a rigorous one; for althou^ the bonds oharactmstic of each of the 
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classes have well-<lefiiied properties, especially from the structural view- 
point, the transition from one class to the other may take place gradu- 
ally, perputting the existence of bonds of intermediate type (p. 1950). 
In other cases there may occur a discontinuity in some physical or chemi- 
cal property, which may be used as a basis for classification (p. 1956). 
Metallic bonds will not be discussed in this chapter. 

The Ionic Bond and Other Electrostatic Bonds. We say that there 
is a chemical bond between two atoms or groups of atoms if the forces 
acting between them are such as to lead to the formation of an aggregate 
with sufficient stability to make it convenient for the chemist to consid^ 
it as an independent molecular species. (Thus the weak van der Waals' 
forces between molecules are not usually considered as leading to the 
formation of chemical bonds.) If we can assign to each of the atoms or 
groups of atoms a definite electronic structure, essentially independent 
of the other atom or group, such that electrostatic interactions lead to 
strong attraction and the formation of a chemical bond, the bond is said 
to be an electrostatic bond. 

The most important of these is the ionic bondy resulting from the 
Coulomb attraction of the excess electric charges of oppositely charged 
ions. There are essentially ionic bonds between Na"*" and 01*“ in crystal- 
line sodium chloride and in NaCl molecules in sodium chloride vapor.*** 
The fluoferriate complex ion, [FeFe]*, consists essentially of Fe‘^'*“'^ and 
F”* ions held together by ionic bonds. 

In [Fe(H20)6]+++ [Ni(H20)6]++, [Ni(NH3)4]’^+, and many other 
complexes the bonds between the central ion and the surrounding 
molecules are due essentially to the electrostatic attraction of the excess 
charge of the central ion for the permanent electric dipoles of the mole- 
cules.* Electrostatic bonds of this type may be called ionrdipole bonds. 
Electrostatic bonds may also result from the attraction of an ion for the 
induced dipole of a polarizable molecule or from the mutual interaction 
of the permanent electric dipoles of two molecules. 

The Shared-Electron-Pair Bond or Single Covalent Bond. With 

.. .. 

G. N. Lewis (1916) we write electronic structures such as H;H, 

H 

etc., in which only the outer electrons are represented. Here 

H 

a bond is formed between two atoms by two electrons which are held 
jointly by the two atoms, and which can be considered as contributing to 

* For a Si«.i.rir.n of ionic bonds in crystals see Pauling, J. Am. Chem. Soe., >1, 1010 
(1S29). 

* Langmuir, iWi., 41, 868 (1919), especially pp. 930-931. 
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the outN* dieU of each. Such a bond k called a «Aafwf<4ec<nm-paw 6on^ 
or rivgle amlent bond. 

The nature of these bonds k now well understood as the result of the 
appEcation of quantum mechanics, bepnnii^ with the picmeer work of 
Heitler and london.* 

A angle covalent bond between two atoms A and B involves two 
eleotrons, one orbital from atom A, and one orbital from atom B. One of 
the dectrons has poadve spin and one negative spin; the stabiEty of the 
bond may be conodered to result from the interchange of tibie two elec- 
trons between the atoms A and B; that k, from resonance betv^en the 
structures At i .B and A 4 t B, the arrows indicating the orimtation 
of the dectron spins. \ 

The eaaergy required to separate two atoms joined by a angle cova- 
lent bcHid k of the order of magnitude of 50,000 to 100,000 cal. pen mole. 
The stimigth <A the bond depends on the nature of the orbitals inA)lved 
(p. 1952). 

THE IDEA OF BESONANCE * 

The idea of resonance, in its appEcation to chemistry, k the foUowing. 
If it k possible to write for a molecule (or other system) two or more eleo- 
tionio structures corresponding to about the same energy and satisfying 
certain other conditions, then no one of the structures alone can be con- 
sidered to represent the normal state of the molecule, which instead k 
represented essentially by aU of them; and, moreover, the molecule k 
then more stable (has a smaller energy content) than it would be if it had 
any one of the structures alone. The molecule k described as resonating 
among various structures, and the energy stabilizing the molecule k 
called resonance energy. 

(In quantum-mechanical terms, it k said that the wave function 
rqnesaxting the normal state' of the nnolecule k not any one of the wave 
functions correqxmding to the various dectronic structures, but k a 
Enear comlnnation than.) 

The prindpal conditicms for resmiance are that the structures oone- 
(^>ond to the same atomic arrangemait (nuclear configuration) and to 
the same number of unpaired dectrons. ~ 

The effect of the orergy of the stiructures k the following. If two 
possible structures have the same energy (and satisfy the other omuE- 
tkaas. lor resoiumce, mmiticmed above) the molecule rescmates eq^udly 

f Jkittar Had Dimdoii. Z. PhytOt. U. 465 (1W7). 

' ' a warn thorondi of ilito mbjMt M* EwdiaiS and WQion. "Intfodno- 

tfam to Qnaatma Medumioa with Ai>|ilioati9iw to Cbooilatqr,” MoQntw-Hiil Bod( Op., 
How Yodc (1SS8}, Saea. 41, 4St, 
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between them* For example, for the nitre group we write the two 
structures 



The group resonates between these two structures equally, and is thereby 
made more stable than either one of them. If one of the individual 
structures is much less stable than the other, its contribution is very 
small, and resonance makes the molecule only slightly more stable 
the more stable of the two structures. 

It has already been mentioned that the energy of a single covalent 
bond between two atoms A and B can be considered as the resonance 

energy between the two equivalent structures d T iiSandAl T B. la 

the following sections other applications of the idea of resonance wi^ be 
discussed. 


THE COVALENT BOND 

The Ionic Character of Covalent Bonds. For a molecule such as HCl 

•• •• 

we write tjro reasonable electronic structures, H:C1: and :ClT, the 

•• •• 

first carresponding to a iwrmdl covalent bond between the two atoms (rindh 
lar to the bonds in Ha and Clj) and the second to an ionic bond. Inas* 
much as chlorine is electronegative mth respect to hydrogro, we expect 
the ionic structure, although less stable than the normal covalent struc- 
ture, to be not far removed from it in en^gy. These two structures 
salMy the c^ditions for resonance, and the normal HQ molecule m\i8t 
be conridered as represented by both of them. Ilxe IxHxd is partially 
covalent and partially ionic, the covalent contribution bring the greatar. 
The bond is stronger than either the normal covalent bond or the tome bond, 
as the result of the resonance energy. It is the stabilizing effect ot the 
partial ionic character which makes covalent bonds betwerai unlike 
atoms more stable than those between like atoms. A quantitative treat- 
ment of the energy of bonds in relation to the rriative riectrmiegativity of 
atoms has been given.* 

A single bond may lie anywhere between the ionic extreme and the 
ncMaoal covalent extreme. The former extieme is approariusd rios^ in 
OsF^ and the latter is reached in bonds between like atoms, as in Ha. 
In series of gas molecules HF, HQ, HBr, HI, tiiere is evidmuie tiiat 
' the ionic riiaracter is large in HF (perhaps larger t han the covalent efaar- 
aetrir), and that it falls off raindly in the order HQ, HBr, HI, the last 
having very Uttle ionic character. 

*Faiuliiig. /. Am. Chtm. Soe., Si, 8570 (1982); wf. 1. Chstvtw BE. 
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It zmist be pelted out that the deduction of bond type from physical 
properties must be made with great caution. Thus of the fluorides 

N»F MgF, AIF, SiF* PF, SF, 

M.P. 1400* 1040* -77* -83* -65*C. 

those of high mdting points have been described as iomc compounds 
and the others as covalent compoimds. Actually the Al-F bond is 
closely similar to the Si-F bond. The abrupt change in properties be- 
tween AIF3 and SiF4 is due to a change in atomic arrangement^-in the 
number and distribution of the bonds rather tlum in their type. In NaF, 
MgF2, and AlFs each metal atom or ion is surrounded by six fluorine 
atoms or ions, to which it is bonded, and each fluorine is bonded m more 
than one metal (six in NaF, three in MgF2, two in AIF3) in such a way as 
to make the whole crystal one ^ant molecule, so iliat fusion and rapori- 
zation can occur only through breaking these strong bonds. In'SiF4, 
PFs, and SFe crystals there are discrete molecules, each fluorine being 
bonded only to the central atom; these molecules are held together only 
by we^ van der Waals’ forces, and so the substances melt and boil 
easily. As pointed out long ago by Kossel,^ this ease of fusion and vapori- 
zation would be expected for ionic molecules of high symmetry and is not 
soimd evidence for the presence of covalent bonds. There is strong evi- 
dence, such as that mentioned above, that volatility does not depend 
mainly on bond type, but on the atomic arrangement and the distribu- 
tion of the bonds. 

Bond Orbitals. The Tetrahedral Carbon Atom. An orbital in an 
atom, such as the « and p orbitals inefleated in Fig. 4 , can be occupied by 
one unpaired electron or by two electrons, which form an unbred pair. 
An atomic orbital can also be involved in bond formation, the single 
covalent bond consisting of the shared pair of electrons occupying two 
atomic orbitals, one for each atom. These orbitals are convemently 
called hond oilnkds, 

A simple quantum-mechanical treatment of the relation between tiie 
strraigths and relative orientation of the covalent bonds formed by an 
atom and the nature of its bond orbitals ha&J>e^ ^ven.* It has been 
seen from tiie foregoing discussion tiiat the stability of a covalent bond 
is determined by the resonance energy of the two electrons between the 
two bond mbitals, one for each atom. The examination of the form of the 
lesmunce mt^pral shows that the resonance energy increases in magni- 

* Ekienl. Z. Phytile, 1, 3B6 (1S20). 

• I^nfing, /. Am. Chem. Soe.. SS, 1367 (1931) ; ref. 1, CSiapter HI; see elao Statw. Phy. 

Met.. 1109 (1931), and Hultgren, ibid., 40, 891 (1932). 
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tude with increase in the werUipping of the two bond orbitals (the word 
overlapping dgnifying the extent to which the regions in ^ace in which 
the two.t>rbital wave functions have large values coincide). Conse- 
quently it is expected that of two orbitals in an atom the one whicfi can over^ 
lap more with an orbital of another atom will form the stronger bond, and, 






Fiq. 4. — Representation of angular dependence of s and p atomic orbitals. The 
magnitude of each wave function, depending on orientation (polar angles 0 and 
is r^resented for each wave function by a vector drawn from the origin in the direc- 
tion 0, ip under consideration to the surfaces shown. 


morcooer, the bond formed by a given orbital wiU tend to lie in that direction 
in which the orbital is concentrated. 

The different bond orbitals of a given atom do not differ very much 
in their dependence on r, but they may show a great difference in their 
dependence on d and that is, in their angular distribution. This is 
seen from Fig. 4. The s orbital is spherically symmetrical, and so can 
form a bond in one direction as well as in any other, whereas the three 
p orbitals are concentrated along the three Cartesian axes, and will told 
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to IxBids in these directioQs.* Moreover^ the p oitntals are am- 
oen^ted in these directions, having a magnitii^ as great as 

the 9 orbital; hence (because of greater ov^lapiang) p bonds are stronger 
thm a bonds. It is convenient to call this magnitude ( 1.732 for p oilntals, 
1 for a orbitals) the strength of the bond oiintoL 



Fra. & — Angular dependonoe ot a tetrahedral orbital (with cylindrioal symmetry 

about the x axu). 

The conchudon that p bonds tend to be at right armies is verified to some 

aa 

extent by exp^immt. In H3S, vrith the dectronic structure :S:H, the 

aa 

H 

bond angde ^ is 02**, and values between 90 ° and 110° are found in many 
dmilar mdeeules. 

This does not mean, however, that the carbon atom will form three 
p bonds at ri^t an^es and a fourth (weaker) bond in some other direc- 
tion. Instead, by the process of k^nridization (the formation of linear 
combinations) of the a and p orbitals four tetrahedral bond othiteds can be 
constiucted; these orlntals are the best b(md orbitals which can ecdst in 
the L dhdl, having a strtogth of 2.00 as a result of great ccmoentration in 
one direction (Fig. 5 ). The four tetrahedral bond oiintals am mutually 
liqaivalent, and they are directed towards the eorasm ad a regular tetra- 

* f^mkotstkm of fhsasM isof ooune srbitmiy; ws should say that tho bmd direo- 
itbwtor tis thrao p orfaitab araat saidM to ons auothar. 

*CiMa 1^. bm.. Sit, 7 (ms). 
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hedron. llie im^)ertieB these bond orbitals ^ve to the caribrat 
atom ore jnst those found eiQierimentally, 'which led the chemist to the 
0 (mcei$t of the tebahedral carbon atom (p. 222). 

If a first-row dement fmms four covalent bonds (the nuadmnm pos- 
fflble, as there are only four oiintals in the L shell), these will be tetra- 
hedrally directed, wi^ an|d^ 103° 28', pro'vided that there is no dis- 
tortion arising from steric or other effects.* When only two or three 
bonds are formed the bond angle may lie anywhere between 90° and 
109° 28' (ignoring distortion), inasmuch as two opporing effects are oper- 
ative. An unshared pair will tend to occupy the stable « orbital, leaving 
the p orbitals for the formation of bonds at 90° an^es. On the other 
hand, the shared pairs stri've to cause hybridization and the formation 
of tetrahedral bonds with use of the best bond orbitals (strength 2). 
That these opposing effects reach a compromise is indicated by the inter- 
mediate value, 105°, observed for the bond angle in the water moleoile. 
The value 100° rfc 3° is also reported for OF 2 . In other oxygen com- 
pounds somewhat larger values are found, perhaps because of steric 
repulsion of the large attached atoms or groups: 111° ± 2“ in CljO, 
111° ± 4° in dimethyl ether, and 110° ± 5° in dioxane. The nitrogen 
bond angles in NHs and other molecules also have values of about 110°. 

Other atoms (Ni“, Pd", Pt", Cu“, Au™) can form four covttot 
bonds directed toward the comers of a square, using hybrid bond orbit^ 
formed from one d, one «, and two p orbitals. Atoms such as Fe", Fe* , 
Co’'**, Pd**^, Pt**^, etc., can form six covalent bonds directed toward the 
comers of an octahedron, uang hybrid bond orbitals formed from two d, 
one s, and three p orbitals. 

It is to 1» emiAasized that the quantum-mechanical treatment pven 
above is neither rigorous nor imique. Most of the problems of chemistry 
are so oompUcated that they can be attacked in practice only throu# 
extreme amplification. The amplifying assumptions can be diosffli in 
any one of a number of ways. Of these ways two in particular are espe- 
cially reasonable; these correspond to the two general treatments whi(h 
have been used to the largest extent in the treatment of 'the electronic 
structure of molecules, called the vaknce-bond m^hod and the 
or5tto2 meOwd. Of th^ two methods the former is the more dos^ 
related to the concepts of chemistry, and for tl^ re^ im 

discasdmi will be restricted to it. Ccmfidence in the results its aj^ 

cation, whidi mi^t be shaken by realization of its approxhnate charao-. 


• rfudi- l»av that Uie af-Q 

rids l»v* the vataa Ul» ± n oBh differ 
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ter, is rdoforced strongly by the fact that essenlially the same results are 
obtained by application of the method of molecular orbitals.* 

The Magnetic Criterion for Bond Type.* It has been mentioned (p. 
1949) that discontinuities in ph3rsical properties sometimes cannot 
relied on as indicatii^ a discontinuity in bond type. For certain sub- 
stances, however, definite evidence regarding the bond type can be ob- 
tained by the observation of one property of the molecule, its magnetic 
moment. 

Let us now consider the complex ions [FeFo]* and [Fe(CN)B]“. If 
the bonds connectii^ the iron atom to the six surroimding grmps are 
iomc, these complexes contain the ferric ion, Fe"*""*"^, with twaiw-three 
electrons. Of these electrons eighteen occupy the nine most stable orbit- 
als, and the remaining five the five 3d orbitals, the electron configi^ation 
being Is* 2s* 2p® 3s* 3p® 3d®. Electrons in atoms or monatomite ions 
avoid pairing; hence the five 3d electrons distribute themselves among 
the five 3d orbitals without pairing, as indicated in Fig. 6. Now each 
impaired electron makes a large contribution to the magnetic moment of 
the complex, because of its spin, so that a complex ion [FeXe]*^ contain- 
ing ionic bonds would have a very large magnetic moment, and a sub- 
stance containing it would be strongly paramagnetic. 

On the other hand, if the iron atom is attached to the rix groups by 
octahedral covalent bonds two of the 3d orbitals will be involved in bond 
formation, together with the 4s and the three 4p orbitals (Fig. 6), and 
the five 3d electrons will be forced into the three remaining 3d orbitals, 
only one remaining unpaired. This will give rise to a relatively small 
magnetic moment. 

The experimentally determined moment for [FeFe]" corresponds 
accurately to five unpaired electrons, and that for [Fe(CN)e]” to one; 
hence in the fluoferriate ion the bonds are essentially ionic and in the 
ferricyanide ion they are essentially covalent. 

* The idlowing referenoea relate to the devdopment of the two principal methods of 

treatment of ihe electronic structure of molecules. Valence-bond method: Heitler and 
London, Z. Phytik, 44, 456 (1927) ; Heitler, ibid., 44, 47; 47, 835 (1928) ; 51, 805 (1929) 
I/ondon, ibid., 45, 465; SO, 24 (1928) ; Pauling, Proe. NaU. Acad. Sei. V. S., 14, 369 (1928) : 
Chm. Bat., 5, 178 (1928); SUter, Phyt. Rev., 87, 481; 88. 1109 (1931); Pauling, J. Am. 
Cham. See., 88, 1367 (1931). Molecular-orlntal method :'Rurnni, Egf. Damke Videnckab. 
jSsUtoh. MaA.-fv». Uedd., 7, 1 (1927) ; Lennard-Jones, Trant. Faraday 8oe., 88, 608 (1929) ; 
Hund, Z. Phytik, 81. 759 (1928) ; 68. 719 (1930) ; 78, 1, 565 (1931) ; 74. 429 (1932) ; Hers- 
b«cg, Hid., 87, 601 (1929); Mullih«i, Cham. Bat., 9, 347 (1931) ; Phyt. Bat., 40, 56; 41, 
49, 761 (1032); 48, 279 (1933); Bet. Modem Phyt., 4, 1 (1932); /. Chan.' Phyt., 1, 492 
<1988): 8, 376, 500, 514, 517, 664, 673, 686, 635 (1936). The problem of directed val«iee 
is in the fdlowing papers, in addition to those already mentioned : Van Vleck, 

J. Cham. Phyt., t, 177, 219 (1933) ; 8, 20, 297 (1984) ; Penney, Proe. Boy. Soe. (London), 
AUA. 160 (1934); Proe. Phyt. Soe. (London). 48, 833 (1034); Pennqr and Sutherland, 
/. Chtm. Phyt., 8, 492 (1934) ; Trane. Faraday Soe., 80, 898 (1934). 

* PkuSag. /. Am. Chsm. Soe., 88. 1367 (1981) ; ref. 1, Ch^ter HI. 
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Octahedrally eodrdinated ferrous complexes are diamagneUc (with no 
unpaired dectrons) if the bonds are essentially covalent, as in the ferro- 
csreni^ ion, ^e(CN)8]“‘“, and strong ptu-amagnetic (four rmpaired 
electrons) if the bonds are essentially ionic, as in the hydrated ferrous ion, 
IFe(H80)6]++. 

An interesting example of the application of the magnetic method is 
provided by heme compounds. Ferroheme, the ferrous salt of protopor- 
phyrin, combines with pyridine, nicotine, cyanide ion, denatured globin, 
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Yiq, 6. — Occupancy of orbitals in iron complexes, each large chcle representing an 
orbital and each small circle an electron. The circles enclosed in the rectangles are 
involved in covalent bond formation. 


and other substances to form deep red substanr^ called hemwliromo- 
gens; the stoichiometric ratio is two groups {pyri<hne, cyanide ion, dc.) 
per ferroheme molecule. The structure of the hemochromogens has been 
determined fnom magnetic measurements.* The substances are Mag- 
netic, and hence have about the iron atom ax covalent bonds winch ^ 
directed to octahedrally arranged atoms; these are safely pre^med to 
the four nitrogen atoms of the porphyrin system and two atoms of ^ 

to be diamagnetic “ and hence to contain octahedral covalent bonds, m 
^ SSs it is probable that four bonds are 
DorDhvrin nitrogen atoms, one to a mtrogen atom of rand^le nng 
of T iSidine Sie of the globin,“ and one to the attached carbon mon- 

«d Coiydl. Pr<^ 

M Paulin* and CwyeU, ^ ^^^ ‘789 (1940). 

H Coiydl Mrf Paulina, /• 
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luemcsiis also for feirihemo^olm Qjraiude, fonlhemoglolMn bydrosul:- 
fide, farihemogjiobia aside, imidasole-femhanoi^bui, amnunua-ferti- 
hemoglolwa Iqrdroxide, and etbylisocyamde-ferrobaao^bbin, aad essen- 
tially ionic bonds for ferrohenu^obin, fenibetnc^obin ion, ferrihemo- 
^obin fluoride, ethanol-ferrihemoglobin ion, and ethanol-fenihemoglobin 
hydroxide.** The ma^etio data indicate the presence of bonds of inter- 
mediate tyiw in fmihemoglobin hydroxide.** 



HOOCCHtCtf* tjH, 

Fio. 7. — 'The structure of dieyanide hemochtomogen, formed by combination of 
ferrotis protoporphyrin and two cyanide ions. The octahedral orientation bf six 
coTalfflit bonds about the iron atom is indicated. 

A complex of bivalent nickel in which the nickel atom forms four 
essentially covalent bonds directed toward the comers of a square of four 
atoms about the nickel atom and coplanar with it is diamagnetic; a nick- 
elous complex with other types of bonds is paramagnetic. The observed 
diamagnetism of nickel protoporph3rrin * shows that in this compound 
the four porphyrin idtrogen atoms are coplanar with the nickel atom and 
are attached to it by covalent bonds. A rimilar structure is riiown for 
nickel ifiithalo<;yanine by its diamagnetism. 

Mult^^ Bonds. The formal requirements for a double covalent 
bond between two atoms are the same as for two sin^e covalent bonds; 
namdy, the bond involves four electrons and four bond orbitals, two for 
eadr atom. A triple bond involves rix electriais and ax bond orbitals, 
three for each atom. Thus a first-row atom can form (with its four L 
orbitals) a maximum four angle covalent bonds, two single and one 
^btdde, two doulde, at one angle and one triple, 
r Ja writing electronic structures it is often convenient to use the eus- 
toQWzy valence-bond dashes, cmly the outa: unshared electrons bang 
by dots, as, for example, 

. WCoiytB. Stitt, and Pwdiag, I. Am. Chmn. Son., SS, S83 (1887); CotsnQ and fltit^ 
SMS (tMO ; SiumD and Fan&ag, Proe. KaO. Aead. Set., V. a., SS, 817 <1889). 
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? H H 

H— H„ H— O-H, H-C—O-H, H-i-O: 

•• •• I h/ \h II 

H i i 

instead of 

H 2 H H 

H:H, :a:ca:, H:C:H, :*C::c: , H;C:::C:H, H:C:6: 

H ^ “ HH 

Moreover, it may also be oonvetuent to represent the formal tJtargea of 
the atoms by means of small plus and minus signs, the formal charge of 
an atom for a ^ven electronic structure being calculated by asogning to 
that atom all its unshared electrons and one-half of the electrons which 
it shares with other atoms. Formal charges calculated in this vny are 
shown in the following examples: 

H 


H— N— H 


HgO— N-OT 




H 

It must be recognized that these charges do not represent accurately the 
charge distribution for the molecule, inasmuch as such effects as polari- 
zation, parti^ iomc character of bonds, etc., are also of significance; but 
the formal charges are probably the expresaon of the most important 
^ect. 

In our discusfflon the terms coordinate covcdency and semi-jxilar d(nMe 
bonds have not been used. The mx dn^e covalent bonds between C and 
Fe m [Fe{CN)e]“ for example, are sometimes called oofirdinate oovatent 
bonds, on the basis of the supposition that this complex is formed from 
Fe+++ and 6 (CN)”, the latter ions providing all the electrons fmr the 
bonds. These covalent b<mds, once formed, do not differ in any w^ 
from other oovalmt bonds, however, and there seems to be no need for 
attempting to differentiate the O— Fe bond from the bond in 

H80-<!N, say, by the use of a different name. Similarly in trinmthjd- 
nmkiA oidde the bond between N and O is sometimes called a sard-polar 
doubib bcmd. This nomenclature may be convenient at times, the t^ro 
atoms bang actusJly hdd together by a single covalent bond and by an 
hade bond (the electrostatic interaction of their formal diatge8); tto 
trf a speciai symbol for the semi-polar double bond is unnecessary if the 
Ahong na gtfft Aown in the structural fonnnla. 
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The One-Electron Bond and the Three-Electron Bond.^ The 

simplest molecules in which the one-electron bond and the three-elec- 
tron bond occur are the hydrogen molecule ion, H 2 *^, and the helium 
molecule ion, 1162*^, respectively. The hydrogen molecule ion consists 
of two protons (for each of which there is only one stable orbital. Is) 
and one electron. The two structures H • and H'*" -H, in which the 

electron occupies first one and then the other Is orbital, are equivalent, 
and so correspond to equal energy, satisf 3 dng the condition for reso- 
nance. The system may be expected to resonate between th^e two 
structures and thereby to be stabilized, forming a bond which iwe call 
the one-electron bond. This bond is only about one-half as strong as a 
shared-electron-pair bond, the dissociation energy of H 2 '*“ being 800 
cal. per mole, as compared with 102,600 cal. per mole for H 2 . \ 

For He 2 *^, with a Is orbital for each nucleus and three elecWons, 
there are also two equivalent structures. He: -He"*" and He"*"- :He, be- 
tween whidi there is resonance, leading to the formation of a three- 
electron bond. This bond too is only about one-half as strong as a 
shared-electron-pair bond, the dissociation energy of He 2 ‘^ being about 
58,000 cal. per mole. 

For the formation of a one-electron bond, an electron-pair bond, or a 
three-electron bond between two atoms there are needed two bond orbit- 
als, one for each atom, and one, two, or three electrons, respectively. As 
mentioned above, a one-electron or three-electron bond is only about 
one-half as strong as an electron-pair bond. There is another difference 
in properties which causes the one-electron and three-electron bonds to 
be of only minor importance. An electron-pair bond can be formed be- 
tween any two atoms, the conditions for resonance being always satis- 
fied. On the other hand, the structures A- B and A 'B (or A: • B and 
A* :B) in general will not have approximately equal energy, and so will 
not satisfy the energy condition for resonance; only if A and B are atoms 
of the same element or are of such a nature as to cause the two structures 
to have nearly the same energy (as for two atoms adjacent in the periodic 
table) will resonance occur and a one-electron or three-electron bond be 
formed. 

It is probable that the one-electron bond occurs in the boron hydrides, 

H H 

•• «• 

B,He having the electronic structure in which two of the 

H H 

b(»roQ4iQ’^3iogm Ixaids are one-electron bonds.^* 

u I>ted&ig, 3. Am. Chem. Soe., SS. 322S (1031) ; ref. 1, Chi«ter VZII. 

**Si4gwidi:. "Tlie Electcoaie Theory of Valency," Oxford Onivwnity Piau, Oxford 
(1920), p. 103.' For a more defauled disouaeian of the etruotnre of the boron hsrcbidee, eee 
Bmht and Fulinfe /. Am. Chmn. Soe., M, 2403 (1086). and Baner, ibid., it. 1096 (1937). 
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The three-electron bond seems to occur in several molecules^ bet'we^ 
like atoms (as in He2"^) or atoms which are adjacent to each other in the 
periodic tiable; and so are sufficiently alike to permit the resonance sta- 
bilizing this bond* Molecules and complexes containing thia bond 
include NO, NO2, O2 , O2, SO, 82, and CIO2, to which are assigned the 
following structures, using - and = for the single and double covalent 
bonds, and . • • for the three-electron bond. 



Double bond plus a three-electron bond. 

• ^N^O: 

Double bond to one oxygen atom, single bond plus a three- 
electron bond to the other. 


(Superoxide ion, as in KO2.) Single bond plus a three-elee- 
tron bond. 

:OH 40 : 

rSrfjO: 

:S^^S; 

Single bond plus two three-electron bonds (two i^npA-iyAd 
electrons). 


Single bond to one oxygen atom, sin^e bond plus a three- 
electron bond to the other. 


TBE RESONANCE OF MOLECULES AMONG SEVERAL VALENCE-BOND 

STRUCTURES 


The Meaning of Valence-Bond Formulas. By a formula containing 
the symbol G — C, representing a single covalent bond between two car- 
bon atoms, it is meant that the bond between the two atoms is essentially 
the same as in ethane or in diamond; in quantum-mechanical language, 
the same wave fimction (or part of a wave function) would be used for 
the molecule under discussion as for ethane or diamond. Similarly 
0*=C represents a bond as in ethylene, C»C one as in acetylene, and 
so on. 

[The symbol 0—0 is generally used to represent a double bond with 
about the gfl-ynA ionic character as in acetone. This ionic character arises 
in large part from resonance between the electronic structures 


Rv •• 


and 

r/ 


and it is (thou^ not usually) oonvenient to pv© tliis reso- 

nanoe explicit discussion.] 

It is found that many molecules are <rf sudi a natuze that 

for oadi a angle valaice-btmd fonnula can be 'written which t^aeaentt 
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titostracture and pn^)eiiae8^ the molecule in «88ti8faoti^ Hhoq 

for these molecules Ihe symbol 0->C in Ihe formtda asngned nwaps that 
tiie oarbon’caibon bond has the chemical prop^lies which have 
to be associated with a sini^e bond betweoa two carbon atoms, that the 
intemuelear distance of the two atoms is 1.64 X, that the HookeVlaw 
Uxoc constant has the dngle-bond value, and so on. 

The Structure of Sim^ Molectdea. To many molecules, however, 
it is imposdble to asdgn a dn^ val^oe-bond structure which satis- 
factorily represents the molecule. Under these droumstanoes some 
new concepts and qrmbols mi^t be introduced (for example, f writing 

for benzene, without attempting to interpret this in terms if aingift 

and double bonds). An alternative procedure, which has beemfoimd 
to be Uluminating and practicable, is to assign to a molecule'of tlm type 
more than one valence-bond structure, these structures all contri^ting 
to the normal state of the resonating molecule. In quantum-mechanical 
language, it is said that the wave function for the molecule is formed by 
linear comtmation of the wave functions corresponding to the valence- 
bond structures involved. The properties of the molecule are then those 
corresponding to the various valence-bond structures, cognizance bdng 
taken also of the extra stability resulting from the resonance itself, i 
As an example let us consider the nitro group in rutromethane or a 

BimiUr molecule. For this we write the formula ^ , using all 

R 

four L orbitals of nitrogen for bonds. However, there is another structure 

which is entir^ equi^ent to this, ruimdy, the structure ^ , 

R 

in whidi the two oxygffli atoms have interchanged their roles. The two 
structures satisfy the conditions for resonance (they correspoad to nearly 
the same nudear ccmfiguration), ahd since they are equivalent they must 
ccmtribute equally to the structure of the molecule. The molecule might 
then be repres^^ by endodng both formulas in bradcets: 



PUk dumay, however, and since k is evident that both equiv» 
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lent stmotures must be ooosidered only one is usually written, it typing 
understood that resonance with the other 

It is to be ^phaosed again that in writing these two valeinoe>bond 
structures for the molecule and saying that it resonates between 
an effort is bring made to extend the valence-bond picture to mnlftwilM 
to which it is not strictly applicable. This is not required but is 
as a method in the hope of obtaining a satisfactory description of 
unusual molecules, permitting the correlation (and “understanding”) of 
the results of experiments on their chemical and phyrical pr(q)ertie8 and 
allowing predictions to be made in the mmift way as for molecu l e s to 
which a singd^ valenoe*bond structure can be aarignpri The 
nitromethane is not a mixture of tautomeric molecules, some with 
one and some with the other of the two valence-bond structures writtoi 
above. Instead, all the molecules have the same electronic structure, 
this being a structure which cannot be represented satisfactorily by any 
one valence-bond structure, but which is reasonably well represented by 
the two structures given above. The properties of the are 

essentially those expected for an average of the two valence-bond struc- 
tures, except for the stabilizing effect of the resonance eneigy. In nitro- 
methane the two N — O bonds are equivalent. Each is a bond of a type 
intermediate between a double and a single bond; it is found experi- 
mentally that the properties of such a bond Qnteratomic distance, force 
constant) are determined mainly by the stronger of the bonds provided 
by the individual structures, the N — 0 bonds in the nitro group having 
properties close to those of a double bond. 

It micd^t wril be asked by the chemist whether it is not then wise to 
write for nitromethane the valence-bond structure 



B 


which A satisfactory representation of the properties of the N — O 
bonds. It does not seem wise to do this, for the following reasons. 
Thtto ai>e strong theoretical arguments showing that the maximum 
numbmr ®f covatent bonds which a nitrogen atom (or other firstrrow 
atom) fnrm js four; the structure under discussion suggests that 
five eovalent bonds can be formed. Moreover, tiie structure under dis- , 
cusrion provides fittie stereodiemical information— it could not be pre- 
dicted whether the groups attached to the nitw^^en atmn are otqdanar or 
not— whereas resonating stiucture combined with the stereorii emic a l 
knowb^ iff the tetrahedral nitrogen atcnn permits the oonehisum that 
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the bonds are coplanar and that the 0~N— O bond angle biw approxi- 
mately the single bond-double bond value 126® 16'.* 

The assignment of a resonating structure to a molecule can some- 
times be made on the basis of theoretical arguments, as in respect to the 
nitro group just discussed, for which the two reasonable valence-bond 
structures are equivalent. In general, such an assignment should be 
supported by experimental evidence, such as that provided by chemical 
properties, resonance energies (as obtained from thermochemical data, 
p. 1968), interatomic distances,^^ force constants of bonds obtained from 
Raman and infra-red spectra, dipole moments (p. 1720),^* etc./ If the 
reasonable valence-bond structures are not equivalent, knowledge of the 
magnitudes of the contributions of different structures to th^ actual 

structure of the molecule can be obtained from such data. Thus lor car- 

• • •• \ 

bon dioxide it is customary to write the structure : 0=0=0: ; however, 
the observed interatomic distances show definitely that the structures 

:(^C — O; and :0 — C^OJ contribute to just about as great an extent 

• • •• 


as the double-bonded structure, and this conclusion is supported by the 
resonance energy (the great thermodynamic stability of the molecule) 
and the force constants of the bonds. For nitrous oxide, on the other 
hand, the force constants ” and interatomic distances show resonance 

between the two structures :N=N=0: and :NsN — O:, the structure 
+ + •• 

TN — not contributing. 


*0 . o * * o * 

On p. 1961 the structures ’ * and * 


cr 




o: 


were 


to NO 2 and CIO 2 respectively. Each of the molecules, of course, actually 
resonates betweai such a structure and the equivalent one in which the 
roles of the two oxygen atoms are interchanged. 

• • 

For the carbon monoxide molecule the two structures :C=0: and 
_ + 

:C^0: have been suggested. Actually both of these contribute to the 

^ + •• 

structure, which we write as { :CsO:, :C=0: }, the bond resonating 
between a double and triple covalent bond, '^he study of energy rela- 
tions indicates that these structures are about eqiially important. 


* This hss been verified by experiment, the ndue 127° ±3° being found : Brookway, 
Benoh, and Pauling, J. Am. Chtm. Soe., S7, 2093 (1935). 

» Pauling, Proe. Koa. Aead. Set. U. 8., 18 , 293 (1932). 

** Sottmt, Trtmt, Poniday Soe., SO, 789 (1934). 

» Plyler and Barker, Phyt. Ret., 38 , 1827 (1931). 

» Pai^. Proe. yati. Aead. 8ei. V. 8., 18, 408 (1982). 

»8ee PariUng, J. Am. Chtm. Soe., 84 , 988 (1932). 
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The carboxyUc ions resonate between the two structures 



R 



wMch contribute equally because of thdr equivalence. In the carboxylic 
acids the two structures 


H 

./ . 


R 


+ / . . 


R 


are no lon^r equivalent, the second contributing less thw.ii the first, and 
the stabilizing efifect of resonance being less than for the ion. This 
change in resonance energy, with the ion more stable than the acid, tends 
to assist in detaching the proton, and so pves these acids their great 
acid strength. The same result can be seen from another argument. 
The second oif the structures written for the acid makes the oxygen atom 
to which the proton is attached positive in sign; it accordin^y repels the 
proton, and so increases the acid strength.* 

Single bond-double bond resonance also occurs in the carbonate ion, 
the nitrate ion, urea, guanidine, the add amides, and similar compounds, 
the carbonate ion resonating among the following structures: 



• • 



As another illustration of the application of the concept of resonance 
to the chemical properties of substances let us discuss the basic strengths 
of guanidine and substituted guanidines. The fact that guanidine is a 
strong base can be accounted for by either one of the two dosdy related 
arguments used above for the carboxylic adds. The guanidinium icm 
resmiates asacmg the three structures 

* An interesting series of investigations of the effect of resonance on the add strengths 
of substituted boric adds and other substances has been carried out by Brandi and his col- 
laborators: Yabroff, Branch, and Almquist, J. Am. Chem. Soc., fiS, 2935 (1933) ; Branch, 
Yabroff, and Bettman, i&td. 56 , 937 (1934) ; Branch and Yabroff, 56 , 2568 (1^). 
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N 

II 

N: 

1 

N: 

il 

H— \N— H 

1 i 

H— n/^N— H 

I 1 

1 

H— n/^N— H 

1 1 

X X 

H H 

1 1 

H H 

H H 

which are all equivalent, whereas guanidine itself 
three structures 

resonates among the 

.. /H 

n/ 

•• /H 

TN/ 

.. jLh 

"T \ 

II 

../a .. 

H— N/ \N— H 

1 1 

H— H 

1 1 

H— H 

1 1 

H H 

1 1 

H H 

H 1 


whidi are not equivalent, the first being more stable than the otlxer two 
(it is the structure usually alone considered by the chemist) and hence 
contiibutoi^ more to the actual state of the molecule, with resonance to 
the other two less important. In consequence the ion is stabilized by 
resonance more than the molecule, and the basic str^gth of the sub- 
stance is increased by resonance. 

It may be predicted that monoalkyl-subsUtuted and N,N-dialkyl- 
substituted guanidines are weaker bases than guanidine itself, for Ibe 
following reason. The replacement of one or two hydrogens of an — 
group by alkyl radicals tends to prevent the double bond from swin^g 
to this group, because carbon is more electronegative than hydrc^en and 
hence tends to cause the adjacent nitrogen atom not to assume a positive 
chai^. In cmisequenoe resonance of tiie double bond is to some extent 
restricted to the two other nitrogen atoms. This causes a decrease in the 
basic strength towards that characteristic of an imidine, the decrease 


/NH, /NH, 

bcdng about twice as great for HNC<f as for HNC^ . A very 
_ 'NR* 'NHR 

much larger effect is expected for the N,N'-diaIkylgUanidines. The 
all^l groups (m two aS the nitix^en atoms would tend to force the 





A .. 

/ ^N- 


-B 
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being more important than the other two. This nitrogen atoni would 
hence have little tendency to add a proton, and the substance would be a 

/NB* 

weak base. The tetraalkylguanidines HNC\ would be still weaker 

^NR, 

bases, approaching the non-re«Miating imines still mote closely. On the 
other hand, the N,N',N"-trialkylguanidine8 may be expected to be about 
as strong bases as guanidine itself, inasmuch as the conditions for reso- 
nance in this molecule and its symmetrical ion are the Hn-mA as for 
guanidine itself and its ion. These various conclusions are in agreement 
with the available experimental data;*’ guanidine, the monoalkylguani- 
dines, N,N-dimethylguanidine, and N,N',N' -trimethylguanid^es are 
sbrong bases, whereas the N,N'-dialkylguaDidines are weak. 

Emidrical Resonance En«rs^es. Thermochemists have often at- 
tempted to assign constant energy values to the bonds in molecules in 
such a way that the total energy of formation of a molecule from Sepa- 
rated atoms could be expressed as a sum of bond energies. It is foimd 
that by restricting the discusrion to molecules to each of whidi a rin^e 
valence-bond structure can be confidently assigned this program can be 
carried out with considerable success; a table of bond energies can be 
construct^ vuth which ener^es of formation of non-resonating mole- 
cules reliable to a few thousand calories can be calculated. 

On applying this table to resonating molecules it is foimd that (he 
actual energy of formation of the mdecule invaricMy is greater Qum the 
calctiiated value; that is, tbe molecule is actually more stable than it would 
be if it had the valence-bond structiu^ assumed for it in mak i ng the 
bond-energy calculation.* This result is the one required by the quan- 
tum mechanics, acconfing to which resonance always exerts a stalilizing 
action on the molecule. The difference between the observed energy of 
formation (obtained from heats of combustion or other thermoch e mica l 
data) and the value calculated by bond energies for an assumed vateioe- 
bond structure is an empiricoH value of the resonance energy of the mole- 

** Daria and Mdwfiald, ibid., 54 . 1499 (1932). 

• See Pauling and Shennan, /. Chen. Phy*., 1, 606 (1933), for the detafla of thia towt- 
mwit. In calculating reaonance energiee H is for convenience only that the thennocbenucal 
HfC converted into eneigiee of formation of moleculee from aQ)arated atoma, the 
neulta can be obtained by dealing directly with heats of formation from elemeataiy 
aubetaneea in tbeir standard states or with heats of hydrog^tion reactions m other 
reactions. Many important results reg arding resonwree energiea in unsatuiated and aro- 
matic have been obtained recently by Kiatiakoweky and his collateral by 

the direri of heats of hydrogenation [ffistiakowsky, Snhoff, Smith, cm 

/. Am. Chem. Soe.. 98, 187, 146 (1936)]. The values found in tto wa y am m 
with the leas acewate vahies, obtainad from heats of ^bastion, 
given k Table I, tiie values of .*“,****■• '*®'**’^“*’"*®**“^ 

for agaiiuile,bti^ 86,000 and 39,400 cal. p«r mole, teqDeetivtiy. « 
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cule, ii^ch resonates between the structure assumed and other s^o- 
tures. 

Some empirical resonance enm^ values are givmi in Table 1. It 
is seen drat the values support the statements made in the preceding sec- 
tion regarding the structure of some simple molecules. For carbon mon- 


Substance 

Resonance en 
{in edtofies per 

CO 

58,000 

COg 

31,600 

SCO 

19,400 

cs> 

10,600 

RNCO 

(Rpi^HitCaHf) 

6,600 

RCOgH 

27,600 

RCONH, 

21,000 

00(NH,), 

36,600 

RsOOi 

41,600 

Benzene 

39,400 

Naphthalene 

74,600 

Acenaphthene 

71,000 

AntluiaoeDe 

104,700 


TABLE I 

EnrmiCAL Valthis or Busonancb Enbbgt 

The principal retonaUng atmeturea'’ 


:C-=0; , rCfeO: v 

.0®®C"*-*0. 1 O • f t ' C" ' 't Q. 




R. 


R. 


R. 




h' ^ 


J)i >0- 

R-Cf . , 

>N— H >N-H 

h/ h/ 

H HH HH HH H** 

XoX' X^X 







ks 








Cx» 

COO 

OCXD 

cco 


* la Mil Ma tlie imonnoe nmgy if ealeulfttfd rotative to the fire t ol the atruetiirei givia. 
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TABLE I — Ctifniinued 
energy The principaJL 


TABLE I — Ctifniinued 
Subelanee Resonance energy The 

(in cakriee per mde) 

Fhenanthrene 110, OOQ 


r<y 


Pyridine 

43,100 Same as benzene 

Quinoline 

69,400 Same as naphthalene 

Pyrrole 

P --Q 

Furan 

23,000 Same as pyrrole 

Thiophene 

31,000 Same as pyrrole 

Indole 

54,000 Similar to pyrrole 

Cari>azole 

91|000 Similar to p 3 nrrole 

Biphenyl 

8,ooot 

1,3,5-Triphenylbenzene 

25,000t Similar to biphenyl 

Phenylethylene 

6,700t/~V-^ etc.; 

Stilbene 

15,400t Similar to phenylethylene 

Phenylacetylene 

10,400t “ 

Bemsonitrile 

4,900t " 

Bencoic acid 

4,200t “ 

Benzaldehyde 

8, Boot " 

Acetophenone 

7, loot ” 

Benaophenone 

10,400t " 

H , H 

Phenol 

6,700t ^ y - etc.; eto. 

AniHne 

6,000t Same as phenol 

t rwonuioci wwes* not iadludUig beniene retonanoe. 
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oxide, lesonaaoe Tvith tlie structure zCma$: stabDues the Tnolewile to 

• • 

the extent of 68,000 cal. per mole rdstive to the structure :0>0:; 
if this resonance did not occur the substance wmild not be thermodynam- 
ically stable. The observed resonance energ 7 <d 31,600 cal. per mole for 

• • •• 

carbon dioxide shows that the structure tOmaOaO: for this molecule 
does not alone represent the molecule satisfactmily. The most reason- 

able structures to provide this resonance energy are :OsG — O: and 

; O — OraOt , and as mentioned above, it has been verified by ailments 

based on interatomic distances that these structures are almost as impor- 
tant as Ibe first for this molecule. Besonance of this type is mych less 
important in carbon disulfide.*^ 

In the carboxylic adds and ibe add amides the resonance ^f the 
double bond between two positions gives rise to a resonance energy of 
about 25,000 cal. per mole; and in urea and the esters of carbonic add 
resonance of the double bond among three positions leads to a resonance 
energy of about 40,000 cal. per mole, a reasonable value in comparison 
with the forgoing one. 

Tbe remaining values in the table will be discussed in later secdons. 

THE STRirCTDBB OF BBNZBRB ARD OTHER AROMATIC MOLBCDIBS 

The Structure of Benzene (p. 119). The b«izene molecule is known 
from electron and x-ray diffraction studies to be a plane, the six carlxm 
atoms lying at the comers of a regular hexagon 1.39 A on edge. This 

nudear configuration is compatible with the Kekul6 structures, 

and chemist immediatdy writes as the most reason- 

d}le. These two straetures do indeed make tbe largest contributions to 
the structure of tibie normal benzene molecule. The detailed investiga- 
tion * of the proUem has diown that the resonance between the two 
Kekul6 structures stalnlizes tbe molecule to the extent of about 31,000 
caL per mole; in addition the less stable structuresf C, 2>, and E make a 

^ Croat and Broekway, J. Cham. Phya., $, 821 (1936). 

*01 the two general cjuantum-meeliaziical methode whieh have been applied to tfaie 
iwohlems the molecular orbital method and the valenoe-boiid method, only the latter whidi 
je the more doeely related to the uaual oonoepte ot ehemietry will be dieouaeed. See 
EIMfida Z. Ph»M, TO, 204; 7B, 810 (1981) ; TO, ^ (1982) ; Pauling and Whdand, Cham. 
Jhlyt., t, 362 <1933) ; ref. 1, Oiapte^ 

fit la eonveid^ to oall the valenoe-bond atnietores with the maadmiim number of 
douhte honda tmeeeitod eemdurei, and thoae with a amailer number (the leaa Important 
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axtaH o(mtra>u^, kusreadng the resonance eneiwr to about ^,000 cal. 
per mole. This resonance energy makes the boizene ring about 39,000 
cal. per m<^ jnore stable than a ring 'with three non-interactang douUe 
bonds, and gives it its peculiar aromatic properties. 

O. O. O. 0. 0, 

As a result of resonaucei each of the carbon-carbon bonds assumes 
properties s imilar to those of a double bond (except for the greater 
stability conferred by the resonance energy). Hence all the atoms in 
the molecule are restricted to one plane (as in ethylene, for example), and 
the bond angles are restricted to values near the tetrahedral angles 109® 
28^ and 125° 16'. These conditions are satisfied by the six-meml^red 
ring of benzene. On the other hand, the angles of 90° and 135° in plane 
rings of cyclobutadiene and cyclodctatetraene, respectively, introduce so 
much strain as to coimteract the stabilizing effect of resonance.^ 

The quantum-mechanical treatment of benzene has been found to 
provide ap explanation of many characteristic properties of the sub- 
stance. On p. 1975 directed substitution is briefly discussed from tins 
viewpoint. The effect of five-membered and six-membered saturated 
side rings in influencing the properties of benzene, discovered by Mills 
and Nixon,** has been shown ** to depend on a change of a few per cent 
in the contributions of the two Kekul^ structures to the resonating struc- 
ture of the molecule. 

NaphttuSene, Anthracene, Phenantfarene. The three most impor- 
tant valence-bond structures for naphthalene are the following: 



These contribute about equally to the resonating structure, the symmet- 
rical structure I being somewhat more important than II and III. In 
ad<£ition smaller contributions are made by various less stable structures. 
This resonance stabilizes the molecule by 74,000 cal. per mole, giving 
naphtiudene aromatic properties similar to those of benzene.*® As in 
b^UKene, each carbon-carbon bond has properties approadnng those for 

•* Benner* Broc. JRoy. Soe, (London), AZ4S, 223 (1934). 

Mills and Nizo&» Chem- Soe,, 2510 (1930). 

Sutton and Pauling. Trans, Faraday Soc., 81. 939 ^ 

•• FauHng and Wbsland. Chem, Phys., 1, 362 (1933) ; Shonnan, ibid., Z. 438 (1984). 
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a double bond; the entire molecule is planar,** with bond angles ttaar 

120 ®. 

In anthracene four structures 


make the largest contributions to the normal state of the molecule. 
Five structures are important for phenanthrene: 



The resonance energies for these two molecules are 104,700 cal. per mole 
and 110,000 cal. per mole, respectively, both substances thus having 
aromatic properties, with phenanthrene about 5000 cal. per mole more 
stable than anthracene (Table 1). The additional stability of phepan- 
thr^e is attributed to the fact that it resonates among five unexcited 
structures rather than four. It is found that in larger polycyclic mole- 
cules also greater stability accompanies more extendve branching, which 
increases the number of unexcited structures contributing to the reso- 
nance energy. 

It must be emphasized that the larger resonance energy of naphtha- 
lene than of benz^e does not require naphthalene to be more aromatic 
than benzene in its chemical reactions, inasmuch as the stabilizing action 
of the resonance energy is divided among five double bonds in the former 
and only three in the latter molecule. In general it is necessary to con- 
sider the resonance energy of the products of reaction also in (^cussirrg 
chemical proparties of resonating molecules. Thus on hydrogenating 
braizene to 1,3-qyclohexadiene (with about 6000 cal. per mole resonance 
energy of conjr^tion of the two double bonds) there is a loss of reso- 
nance energy about 33,400 cal. per mole, whereas the loss on hydrogen- 
ati<m of naphthalene in the l,2-position8 is only 29,200 (assuming 6000 
cal. per mole energy of conjugation of double Ixmd and bmzene ring in 
l,2Klihydr(maphthal^e) . In consequence naphthalene may be expected 
io benKHce eaoly hydrogenated than benzare.* . A very simple treatment 

^Bobertoon, Proc. Uoy, Soe. (London), Ai4l, 674 (1633). 

* Fqr 4 iDore detailed treatment of hsr^fenation, aee and Sherman, /. Chem 

1. 670 (1038). 
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of bond character in aromatic hydrocarbons which leads to conclusions 
in general agreement with the known chemical properties of the sub- 
stance be made on the basis of the unexcited structures of the mole- 
cules. By examining the unexcited structures of an aromatic hydro- 
carbon we may assign to each bond a fraction representing its double- 
bond character, this fraction being the ratio of the number of structures 
placing a double bond in this position to the total number of structures. 
This gives the following results: 



Benzene Bapbtbaleno 

Vs 



»/5 

Anthracene Phenanthrene 

In benzene each bond has one-half double-bond character, whereas in 
naphthalene the l,2-bond8 have two-thirds and the 2,3-bonds one-third 
double-bond character. These niunbers cannot be given a simple quan- 
titative interpretation in terms of chemical reactivity; they do demand, 
however, that qualitative relations be satisfied. The 1,2-bonds in 
naphthalaie must be much closer to ordinary double bonds in their 
properties than are the benzene bonds, which in turn are much more 
like double bonds than are the 2,3-bonds in naphthalene, the last, in- 
deed, having practically no properties of a double bond. These state- 
ments are in agreement with general chemical e3q)erienoe. Various 
coupling reactions of naphthalene involving the 1,2-positions show the 
1,2-bonds to have, to a pronoimced extent, the properties of a double 
bond, whereas the 2,3-bonds show no such properties.*^ 

The 1,2-bonds in anthracene have a still more pronoimced double- 
bond character,** which in turn is exceeded by that for the 9,10-bond 
in phenanthrene. This explains the fact that phenanthrene (despite 
its greater thermod 3 majnic stability than anthracene, consequent to its 
greater resonance energy) is more reactive than anthrac^e. 

The activity of anthracene in the 9,10-poffltions cannot be discussed 
in this way. Tnatfind we may consider the fraction the number of 
unexcited structures for the product of an addition reaction at these 

** FieMT wul lothrop, ibid., S7, 1460 (1036), md ewlier raferoiMB quoted by tlwm. 

*• FiMW sod JUttisrop, ibid., 68, 740 (1036), «id refeMBOM quoted by tbmi. 
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poe&tioDB in oompaiicKHimtii other portions. Fortbe9,10<podtioQstlia» 
are four, 



and for tlie 2,3-posi<ions only one, 



A lai^ reactivity of anthracene toward addition reactions (and other 
reactions which involve these as intermediates) in the 9,10-positions is 
accordin^y expected; smaller reactivity in the 1,2-positions; and negli- 
gible reactivity in the 2,3-positions. This is in agreement with experi- 
ment. 

Heteroiyclic Molecules. The resonance energies of pyridine | and 
quinoline are about the same as for benzene and naphthalene, respec- 
tively, the same valence-bond structures contributing as for these mole- 
cules, and the aromatic character consequently being just as pronounced. 

In pyrrole, furan, and thiophene, with resonance energies in the 
nmghborhood of 20,000-30,000 cal. per mole, tire structiures other than 





which make the largest contribution are of the tyi>e8 


H 


r. M 


I I /I 





^aie^bared deetron juar resonating among aU thee atoms c£ the ring. 
SiBaliitt'Strttetares also contribute in indole, caibasole, and other hetare- 
odmifounds, pvmg rise to resonance eatarf^ of dbout the same 
magoHudb iw l(» armnatie hydrocarbons with the same number of rings. 
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Oii«^tio& of Substituents in Axomatic Mdeeules.* IHieai « sub- 
stituent is introduced into an aromatic molecule it may miter into oei^ 
tain tbe nvailable portions more readily than into o^ers. Tbis fdie- 
nomenon has been exhaustivdy studied, and empirical rules have been 
found which describe the en^rimentai results fairly satisfactorily 
174). Thus in a monosubstituted benzene CeHsR the groups R CHs, 
F, O, Br, I, OH, HH 2 , etc., are ortho-para directing, and R » CO 3 H, . 
CHO, NO 2 , N(CH 8 ) 8 '*'> etc., are meta directing. Most ortho-para direct- 
ing groups activate the molecule so that substitution takes place more 
readily than in benzene itself, and most meta directing groups have a 
deactivating effect. In naphthalene, substitution occurs at the o-posi- 
tion, in furan, thiophene, and pyrrole at the o-position, and in pyndine 
at the /S-podtion, all these molecules except pyridine bmng more active 
than benzene. 

During the last fifteen years a qualitative theory has been devdiotJId f 
which accounts satisfactorily for the phenomenon in its major features, 
jmrf recently a quantitative treatment based on quantum mechanics has 
been carried out,** with a degree of success which provides strong support 


for the theory. 

The theory is based on the consideration of the distribution of elec- 
tric diarge (the electron distribution) in the molecule in which substitu- 
tion is enVing place. In a benzene molecule the ax carbon atoms are 
equivalent, and the charge distribution is accordingly such as not to 
mairn one carbou atom different from anotiier. In the molecule 
with R attached to carbon atom 1, the electron distributi<m will in gai- 
eral be affected by the group R in such a way as to diange the charges 
on the ortho (2 and 6), meta (3 and 6), and para carbon atoms. Mo^ 
over, the electron distribution may also be changed somewhat on the 
approadh of the substituting group R' to one of the carten at^ 
(“polarization” of the molecule by the group R') ; in benzene the pola^ 
tion of <me carbon atom by the group would be the same as for anothm, 
but in a substituted benzene the polarization would in vary 

from atom to atom, and so might cause a differmce m be^vmr of 

diffoent positions. The fundamental postulate of the t^^ <ff ormn^ 

tta of sutatitoml. Is a* fonowto!;: 

substitution by the group R\ the rate of eubdtMim cf B for hyd/roge^ on. 


*Th6 dieeomeoa in tWs «»oUon refers to aabetitution re«tion. iowAvinz the laow 
ooB^ (eetioMid) I.apword». Lewfa. I«o*8, I^rry. »ehin*«. 

PwBbz. /. 4«. Chem. W. 3086 (t9») ; Me Btoo Bi «d Bwtos 
J. tPum. JPkift., A «« 
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the eaahm atom increasea with increase in the negalwe charge on the 
earhon atom when the group R' approaches it. 

Substitution is thus assumed to t^e place preferentially on that car- 
bon atom on which the negative charge is the largest. There are two 
prindpal wasrs in which the charge distribution can be affected by the 
group R, for each of which it has been assumed, and has been verified by 
quantum-mechanical calculations,* that the ortho and para carbon 
atoms are about equally affected, the meta carbon atoms being affected to 
a much smaller «ctent. , 

The first effect of the group R, called the inductive effect, results 
vdienever the electron afiSnity of the group is larger than or mialler 
than that of hydrogen. In the former case electrons are attracted\to the 
group and to the attached carbon atom 1; calculation shows that they 
are removed mainly from the ortho and para carbon atoms, f (^nse- 
quaitly the rate of substitution at the ortho and para positions will be 
greatiy decreased and that at the meta positions somewhat decreased; 
the group R will be meta directing, with deactivation. An example of 
such a group is N‘*’(CH3)3, in trimethylphenylammonium ion; the nitro- 
gen atom has a larger electron affinity than hydrogen, and its attraction 
for electrons is further intentified in this case by its positive charge. 
The same effect is seen in psoidine; the nitrogen atom attracts electrons 
mainly from the oe- and 7-carbon atoms, and consequently pyridine sub- 
stitutes in the jS-positions, and is less active than benzene. Toluene 
shows the opposite effect. Electric moment measurements show that the 
methyl group loses electrons to the ring; these go mainly to the ortho and 
para carbon atoms, which are thus activated, toluene substituting in 
these portions, and substitution occurring with greater ease than in 
benzene. 

It mig^t be expected that F, Cl, Br, I, OH, and NHa would be meta 
directing, inasmuch as these groups all have larger electron affinities 
than hydrogen. Actually they are all ortho-para directing, the inductive 

Wheland and Pauling, loc, eU, This was first shown, for the inductive effect alone, 
by Hfickel, Z. Phytik, Tfi, 310 (1031). 

t This result can be seen from the following qualitative argument. An excess negative 
charge attracted to carbon atom 1 is accounted for by resonance to ionic structures in 
which this atom has an unshared pair. There are only three unexcited ionic structxires of 
this^rpet 



and they comapond to removing dbetrons eqiially from the two dfriho atoms and the para 
atmm Ite inshi atoms remain unaffected so long as the excited ionic structurea are not 
considered- ^elr effect would be small. 
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effect for them being overcome by anofba* effect, called the naonanee 
^ect (or sometimes the tauiomeric or dedromerie effect, p. 1845). For the 
moleeaUe considered in the preceding paragraph a consideration of reso- 
nance was not needed, except to the same extent as in benzene itself. 
If the group R possesses an unshared pair of electrons, however, other 
structures make an appreciable contribution to the normal molecule.* 
Thus the structures 


x+ x+ x+ 



in which the unshared pair resonates to the oHho and para portions are 
X: X: 


almost as stable as | J and j] , each possessing three double 

X+ 


bonds. (Excited structures such as: with two electrons not 



involved in a bond between adjacent atoms, are much less stable and 
need not be conadered.) These three additional structures increase 
the electron density on the ortho and para atoms, and so inake the groups 
orOio-para directing, the resonance rffect bang more significant than 

the inductive effect. u j 

In benzaldehyde and many timilar molecules, on the other hana, 
resonance directs toward the mcta portions, tins effect of resonance 
resulting whenever the substituted group R contains an eJ^n^tow 
atom and a double bond conjugated with the benzene t («■ - 

CHO, NOa, COCH 3 , CN, etc.). The structures leading to tins effect 


are of the type 




oaL par mol* (T»Me I. plwnol eM ^ 5000 to 10.000 eoL P« 

t Tho rewnanoo energy of thU conjugation amouirte » oow 

(TaUel). 
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wbidbi decrease the electroa doiaty in the ortho and pora poeitioDS, thus 
pecmitting reaction at the mrta posilionB. (The oontributuHi of exdted 




structures such as 



is small because of their instal^tyi it suffices 


to produce some deactivation, however.) 

So far only tibe permanent charge distribution, as influenced 
inductive and resonance effects, has been discussed. The 
a monosubstituted benzene can be summarized as follows, 
nance does not occur, substitution is usually determined by the 
effect, an electron-attracting group (N'^(CH3)8) being meid 
and an election-repelling group (CHa) ortho-para directing. The 
nance effect, which when present is usually more powerful than the induc- 
tive effect, is meta directing when the group contains a double bond ccm- 
jugated with the benzene ring, and ortho-para directing when the group 
contains an unshared electron pair on the atom adjacent to the benzene 
ting. 

In a few cases (naphthalene, for example) it is necessary to consider 
also the polarization of the molecule by the attacking group; as yet no 
general qualitative rules have been formulated r^arding this effect, 
tho u g h some quantitative calculations have been carried out. The ^ect 
can be treated qualitatively by the consideration of the number of 
unezated ionic stiuctures plating an untiiared pair on the carbon atom 
bring attacked. For the a-porition of naphthalene there are seven: 





lor the ^ 8 -position only rix: 
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hence tiw pcdarusation by the attaddng group will be greater for the a- 
poedtion, and substitution will take place there. 'Die same argument <»n 
be applied to phenylethylene, which is or^o-pam directing. Itszeroelec* 
kic moment ahows that the vinyl group has no pronounced difference in 
electron afiSnity from hydrogen, and so will produce no inductive effect, 
and calculation shows that there is no resonance effect (which depends on 
the presence of an electronegative atom as well as of the double btaid). 
However, polarization is greater in the ortho and para positions than in 
the meki positions, the former having four unexdted ionic stiuctures, 
sudi as the following for ortho: 



and the latter only three: 





The Hydrocarbon Free Radicals (p, 581). The modem theory of 
the stability of the aromatic free radicals is based on resonance.* In* 
crease in the degree of dissodation of a substituted ethane, E®C CRs, 
might result either from a decrease in stability of the undissodkted mole- 
cule or an increase in stabiUty of the produ^ of dissoc^titm, the f^ 
radicals R«C. For the hexaalkylethanes, which do not dissodate eadly, 
Rv yR- 

the electronic strocture R-C-C-R is written, and for the correspond. 

r / ^R 


ing free radical the stracture R^-, the odd dectwoi (free valence) being 

locatedonthemethylcarbo^atom. The “trodu^on of an aryl i^p 

as a substituent R, however, provides additional structures fw 
cal* it is twindpaliy the energy of resonance among these whidi 
ttf^SSLcreases^Le degree of di^ 

• XlM Maa «M dwtoped (Vmi\ 

doo. Sd. &«., i, «1 (1929) ! odwdadoai d Budag 
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For simplidty, the mdlecule CeHsCHs — CH 2 CBH 5 , aym-diphenyl- 
ethane, may be considered, and the diseossion of resonance may be 
restricted to the structures with the greatest stability (those with the 
m aad mum number of double bonds). For the undissodaled molecule 
there is resonance among the four Kekul4 structures, 



If the radical were restricted to resonance between the Kekul 6 structures 
A and B, with the fr^ val^ce on the methyl carbon, resonance would 
stabilize the radicab to just the same extent as the undissociated mole* 
cule, which would then have only the same tendency to dissociate as a 
hexaalkylethane. But actually the five structures A, B, C, D, and E 
(each with three double bonds) contribute about equally to the structure 
of the radical, which thus resonates among five structures (instead of 
two), and is accordingly stabilized by the additional resoiuince energy, 
which is found on calculation to be about 15,000 cal. per mole. 

The ^ect of two pbenylmeUiyl radicals in decreaong the energy of 
dissociation by about 30,000 cal. per mole is not large enough to cause 
dissodation to an appreciable extent, inasmuch as the energy required to 
break the carbon-carbon bond in ethane is of the order of magnitude of 
85,000 cal. per mole. In triphenylmethyl, however, the odd elecixon 
can resonate among nine positirms (the ortho and para positions of the 
three phenyl groups) in addition to that on the methyl carbon atom; 
this leads to an additional resonance energy of about 38,000 cal. per 
mole, so two such radicals stabilize the system by an amount 
(76/XiO cal. per mole) suffident to decnease the dissodation energy to 
ocdy It few thousand ctdories per mole, resulting in extensive dissodation. 
In tiii^ieoylmethyl, in which the odd electron resoirates among nine- 
teen positiaiis, the diffiodating effect is still larger, the addituaial reso- 
nance eneagy bdi^ about 44,000 cal. per mole. 
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llie quantum-mediamcal discussion has been earned out by two 
distinct x^thods, the results of which are in essential c<meoidanoe.*<’ 
The detailed agreem^t with experiment in regard to such fine pc^ts as 
the greater dissodating action for a- than for jS^phthyl and for two 
phenyls than for fiuoryl leaves little doubt that resonance of the odd 
electron (free valence) among several positions in the radical is Ihe 
principal influence stabilizing the free radicals. It is also probable that 
other factors, such as the steric effects of the large groups, have a con- 
siderable influence in increadng the degree of dissodation.* 

The positive and negative free radical ions have about the same posd- 
bilities of resonance as the free radicals themselves, the podiive or 
negative charge (the latter being an undmred pair of electrons) reso- 
nating among the same positions as the odd electron; so that for all 
free radicals about the same values of the ionization potential and the 
electron afihiity may be expected.*^ Tlus condudon is in agreement 
with the experimental results obtained by Bent,® who has found valu® 
of about 60,000 cal. per mole for the dectron affinity of several different 
free radicals. 

The Color of D3res.t It has been gradually recognized that the in- 
tense color of the triphenylmethane dyes and of other dyes whose consti- 
tution is well understood is closdy related to resonance. Bae 3 rer ® sug- 
gested that in p,p'-diaminotriphenylcarbinol hydrochloride (DSbner’s 
violet), for example, the color is due to the oscillation of a chlorine atom 
from one end of the molecule to the other. 

C1_NH*=( -NH. 


With the recognition of the ionic character of the bond to dilonne, to 
suggestion was revised by Adams and Rosenstdn,** who correlated the 
color with an oscillation of an electron: 



•• Wheland, J . Chem, Phya., t, 474 (X 934 ) • Bent and Ebera, 

♦ For a discuaaion of these points see Whe^nd, ^ 

given in the second paragraph. 

**Baeyer, Ann., 844 , 158 (1807). eg 1472 (1914). 

« Adams and Rosenstoln. J. Am. Chem. 80 c., 80. 1472 
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From the modem pomt of view ioteose edbr is the result of a txano.- 
tion oi the molecule from its normal etectrcmic stMo to an exdted dec- 
tmnic state, with absorption of li|^t, .the trandtion having a very 
high probability if the electrionKHnmt matrix eleineint assodated with 
it is large. Now the two valenoe-bcmd structures A and B represented 
above are equivalent; hence neither one represents the normal state of 
the molecule, whidi instead is represented by a combination of the two. 
Thoe is also another (xnnbination of the same structures which repre- 
sents an ^dtedr state the molemle. Now it can be shown that the 
electric-moment matrix element assodated with transition oetween 
these two states is very large, by the following argument. Thi nega- 
tive ion may be considered to be near the center of the molecule.* 
Thdi stracture A corresponds to a very large dipole moment (p. I'w2) in 
one direction and B to the same moment in the other direction.\ The 
actual molecule in its normal state and the exdted state under consiaerar 
ti(m will have zero mommt, howev^, because with equal resonance be- 
twem A and B their moments neutralize eadh other. It can be shown 
by quantum-mechanical methods that under these drcurttstances the 
dectric-moment matrix dement assodated with the trairsition betwem 
the normal and the exdted resonating state has the same magnitude as 
the moment assodated with structures A and B, and is hence in this- case 
very large; consequently the substance is very deeply colored, with the 
absorption of light oorre^xmdmg to this electrcmic trandtkm. The 
results of this argument can be summarized by saying that intense color 
results from resonance between two equivalent or nearly equivalent 
structures with which a large dipole moment is assodated (the actual 
dectronic transition bdng between resonating structures formed from 
these). 

Nitrogen and oxygen atoms are important in dyes m order to intro- 
duce the large electric moments. The structures wbidi by resonance give 
the normal and dgnificant exdted states for stnne dyes are listed bdow. 

The ani<Hi of benzaurin: 



SI^MMlsudoBtesotaMcpniy, IwtafaiwiifiMtilwwswiHOt. 
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The csiioQ of acridine orange: 


H 



H 


Tlie dimethylpyronium cation: 


CH* H CH, H 



The development of a modem theory of the color of dyes is pr(^re8B< 
ing raindly at present; for information the reader is ref^red to recent 
papers, *•’ *• 
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995 

Alkylation, mechanism, 21-24 
of alkanes, catalytic, 19-20 
thermal, 23 

of amines, 1233 footnote 
Alkyl bromides, and pyridine, com- 
petitive reactions, 1064-1065 
rates of reaction with piperidine, 
1057-1058 

^.-Alkylcarbinols, rearrangements, 
1023 

Alkyl chlorides, rates of reaction with 
metallic iodides, 1053-1055 
Alkyl halides, and rilver nitrite, com- 
petitive reactions, 1065-1066 
direct fluorination, 946 
optically active, reanangement, 988 
Alkyl pWyl ethers, rearrangements, 
997,1023 

Alkylpyrroles, rearrangement, 976 
Alkyl radicflJs, 613-615 
effeet on stability of compounds, 1063 
CnAIkylstilbestrols, 1485 
Alksd sulfuric adds, 640 
17<A2kylteetosieronee, 1497 
AQQrlxanthsd^ 608-6^ 

AcetyleneB 

oi %drogen fluoride^ 947 
of hydrogen 47 

Vohune I, pages l-'tOTT; 


Alkynes, halogcuoaticm, 46 
isomerisation, 6-9 
nitration, 53 
oxidatton, 62 
polymerisation, 18 
substitution reactions, 46 
AUenes, 662-663 

mechanism of addition to, 1911-1914 
optical isomerism, 337-340 
rearrangement, 6^ 

AKocholanic acid, 1412 
formation, 1350 
Allocbdesterol, 1393-1394 
AQoisolithobilianic add, thermal Viecom- 
position, 1369-1370 \ 

AZldithobilianic add, 1420 \ 

thermal decomposition, 1369-13^ 
AHomerisation of chlorophyll, 1304-1305 
A22opregnane, 1489 
A22opregnane derivatives, 1490 
AiZopregnanediols, 1491 
Ailopregnanediones, 1493, 1494 
Aiiopregnanetriols, 1493, 1494 
Ailopregnanolones, 1491, 1493 ^ 

AUopregnenedid, 1517 
Aiiopregnenediones, 1493, 1494 
Allopseudocodeine, 1222, 1223 
Allylic rearrangement, 1004, 1006, 1018 
in 1,4-addition, 1915 
mechanism, 1880 
l-Allyl-2-naphthd, 149 
AllylH9-naphthyl ether, 149 
o-AUylphenol, 189 

Allyl phenyl ethers, mechanism of rear- 
rangement, 1882 
AUyltestosterone^ 1522 
Aluminum alkoxide, use in reduction, 
676 

Aluminum diloride, structure, 1876 
Aluminum cmupounds, see Organoalum- 
inum compounds 

Aluminum isopropoxidfl^ use in reduce 
tion,677 
Ameripd, 760 

Amides, hydrcgendyds to amines, 831- 
833 

optically aetivi^ learraagament, 963 
oxi d f Sjp iaomerismt 417- 

419 
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Amines, alkylation, 1233 footnote 
aromatic, aldehyde condensation, 201 
C-alkylation, 201 
coupling, 101, 102 
preparation from sulfonic acids, 894 
reactions of, 185-202 
competition with phenyl isocyanate, 
1060-1070 

coupling of tertiary, 105 
diazotiaation in hydrofluoric acid, 950 
formation by hydrogenolysis of 
amides, 831—833 
Hinsberg test, 808^-800, 000-901 
methylation, 1180 footnote 
reaction with unsaturated aldehydes 
and ketones, 670 
secondary, synthesis, 660 
tertiary, attempts to resolve, 403-404 
Amino acids, acylation, 1092 
amphoteric character, 1005 
analysia, 1000, 1092, 1126, 1134, 1142, 
1149 


Amino adds, separation, 1082-1083 
solubility, 1087 
synthesis, 1104-1108 
titration, 1087, 1090, 1006 
Amino alcohols, optically active, re- 
arrangement, 987-988 
Aminocellulose, 1683 footnote 
Amino condensation products of sugars, 
structure, 1579^1580 
a-Amino-/3-hydroKybutyric add, 1123 
Amino sugars, 1613-1617 
Ammines, chdate derivatives, 1876 
organometallic, 553 

Ammonia, reaction with unsaturated 
carbonyl compounds, 670 
Ammonia system, see Liquid ammonia 
reactions 

Amolonin, 1456, 1457 
Amylene oxide sugars, definition, 1555 
Amyloid, 1605 
Anabasine, 1103 

Androgenic hormones, 1408r-1510 


carbobenzos^i 1117 
chemical reactions, 1000 
classification, 1081-1082 
configuration, 1085-1087, 1118 
deamination, 1101-1102 
decarboxylation, 1001, 1097, 1155 
dipolar ions, 1088-1090 
dectrophoresis, 1080 
esterification, 1090 
formaldehyde titration, 1087, 1096 
formation of polyamides from, 722-724 
general properties and reactions, 1085- 
1104 

indispensable, 1083, 1162 
isodeetric point, 1087-1088 
natural, 1070-1165 
optical activity, 1086-1087 
oxidation, 1100-1102 
preparation, general methods, 1104- 
1100 

raeemization, 1003-1006 
Eaman spectra, 1080 
reactions, with ddehydes, 1096-1098 
with «4c0to adds, 1097 
with nitrous add, 1001 
with quinones, 1097, 1008 
resoluticm, 1109 


assay, 1498 
bisexual, 1509 

conversion to estrogens, 1508 
isolation, 1409, 1502-1503 
male, 1509-1610 
physiological Ekction, 1508-1510 
prindpal members, 1500-1601 
rdated compounds, 1600-1601 
stereochemistry of the hydroxyl 
groups, 1504-1506 

structure and physiological activity, 
1508-1610 
testosterone, 1603 
transformation, 1606-1508 
fe-A^-Androstane derivatives, 1510 
Androstanediol, 1500 
Androstanedione, 1502 
A*-Androstenediols, 1602, 1604, 1609 
from dehydroandrosterone acetate, 
1604 

spatial configuration of hydroxy 
groups, 1604 

A^-Androstenedione, 1602, 1510 
from testosterone, 1503 
reduction to testosterone, 1520 
AndroBtetoM, 1499, 1«B, 1«)4, 

inepuataon from dwJertwol, ISOo 
ViAime n. P**"* *®**"**'** 
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AngoBttura «Ikaloidi» 120S-1209, 1254 
AnhaTamine, 121<M211 
Anhalidina, 1210 
Anhaline, 1210 
Anhalinina, 1210 
Anhalonidinfi, 1210 
Anhalonm^ 1210 
Anhalonium alkaloids, 1200-1211 
Anhydrides, p<dymerie, 735 
Anhydrostroidianthid 1440, 1442- 
1443 

Anhydro sugars, 1617-1623 
butylene oxide type, 1621 
ethylme oxide type, 1618-1621 
pnq^jdene oxide type, 1621 
Anfline^ addition to quinones, 691 
Animal oelluloee, 1667 
Anionoid activity, 1859 
Anserine^ 1158 
Anthocyanidins, 1316 
abeorption spectra, 1326 
degradation, 1320-1323 
distribution, 1330-1331 
occurrence, 1330-1331 
properties, 1329 

relation to other plant products, 1328, 
1330-1331 

syntfaesii^ 1323-1324 
tests for, 1327-1328 
types, 1316-1319 
Anthocyanins, 1316-1331 
acid radicals of, 1319 
acylated, 1310 
edior, 1326-1327 
odor of salts, 1326^1326 
glyoosidic nature, 1319-1320 
isdation, 1324-1325 
ooeurrence^ 1327-1328 
prtiperties, 1324r>1325 
purification, 1325 
structure^ 1316-1318 
i^ynlhesis, 1323-1324 
Autiboanuitiim, eonversimi to anthocyan- 
kfin, 1323, 1330 
162*472 
176 

striwtiBUi 19n-1974 


l,4^Anthraquinonfl^ structure 171 
Anthrcme, tautomerism, 186 
Antiarei^nin, 1447 
Antimony compounds, 562-568 
Antimony fluoride as fluorinating agent, 
948 

Antimony fluorodilorides as fluorinating 
agents, 948 
AntioxkUmts, 657 
in addition reactions, 1915 
Apoatrqpine, 1198 
Apocholic acid, 1417 
Apoharmine, 1229 
Apoharminic add, 1229 
Apomorphine, 1225 
Aponudne, 1240-1241 
Apoquinine, 1206 
Apoyohimbine, 1235 
Arabine, 1229 
Arecaidine, 1185-1186 
Areca nut alkaloids, 1184-1186 
Arecdine, 1185-11^ 

Arenobufagin, 1452 
Arginase, 1142 , 

Arginine, 1141-1142 
Arginine-phosphoric add, 1144 
Annstrong-Baeyer bensene formula, 126 
Aromatic compounds, hydrogenation, 
73-74 

structure and reactions, 117-213 
Aromaticity, 117, 119 
Aromatic nudei, catalytic reduction, 
817-819 

reduction, table d, 818 
Aromatic substitution, 174 
deetrcmic themy of, 205 
Aromatisation, see Debydrooydisation 
Aroxy radicals, 618 

Arsenic compounds, optical tsomerism, 
426-432 

Arsonium btoes , deetronie theory, 1838 
AryHdkyiethynyl)-etfafiiieB, 610 
AryltfKitiriouroiihim saltan 8i^ 

Aryl radieala, 615 
Aryithisri nwibal^ 619 
Ascorbic add, 1633-1688 
stmetura, 1684-1635 


168 ayuihesu, 1685-1637 

AattBimcib^ 165, 186 synthetic amOoga, 1637-I63S 

Tolome I, piigsa Vaiuiiie H, pi^OT 10TM661. 
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AgpawigiiiB^ 1116, 1118 

Aeparticacid, 1115-1118 
Assoeiatioit^dlsrmer^ definition, 706 
atoms, 221 
biphenylB, 868^70 
d^Btals, 220 
induction, 812 
mdecoles, 221 

with restricted rotation, 348-383 
synthesis, 308-315 
idMsolute, 312 
biochemical, 311 
chemical, 308-311 
definition, 308 
enzymatic, 311 
Asjimmetry, molecular, 221 
Atomic distances in fluorides, 062 
Atomic modris, Stuart, 321 
Atomic radii, 1772 
Atoms, electronic structure, 1944-1948 
Atrdlactic acid, 1194 
Atropamine^ 1198 
Atropk acid, 1194 
Atropine, 1194 
Atroscane^ 1197 

Autoxidarion, aldehydes and ketones, 
666^7 

V. Auwem^kita rule, 1373, 1493, 1504 
Auxodbromes, 1788-1789 
Azictos, leaitaiageineatB, 977 
urethanes Iromr 1106-1107 
Ariactooes, 1093, 1102, 1122 
Azobenzenei, cMrana isomers, 473-474 
reaction with organometallic com- 
pounds, 498, 511-512 
Azo cooqxmndSt catalytic reduction, 
814-815 

4 zonfH^hiti^ OSS-OfiO 
addition d Ot^nard reagent, 504, 659 
Editi on of oxganditibinm compounds, 

689 

leduotloiigOfiO 

AaomethileQe oomiKHnids, see Aiometh- 

inea 

B 

Baeteiaalcdliflc^ 

BaeMuefalaa^^ 


Basyer strain theory, 68 

Baeyer test for ethylade imkagSi 686 

Bal^^ 731 

Barbier-Wieland degradation, 1857, 
1360, 1423, 1482, 1440, 

1478, 1495 

Barium compounds, 546-547 
Barium sulfate as support for pnUftiinwi 
catalyst, 786 

Bart reaction, preparation of stibonic 
adds, 562-568 
Bases, definition, 1858 
strength, 1034r-1035 

Beckmann rearrangement, 470-471, 979, 
984, 1004, 1026 
dihydrooodeinone oxime^ 1225 
salt formation in, 984-985 
Beetle-Mdamine, 731 
Belladonna alkaloids, 1194-1198 
Bdladonnine^ 1198 

Benzalacetophenone^ addition of oigano- 
metallic compounds, 511 
additions to, 675-681 

1.2- Benzanthraoene, structure, 168 
Benzanthrone, addition of Qrignard 

reagent 172 

2.3- Benz-9-anthrone, equiUbrium, 169 
Benzene, addition products, 133 

bond lengths, 124 
halogenation, 179 
hydrogenation, 133 
oxidation, 133 
ozonization, 133-134 
reduction, 73-74 
resonance in, 1970-1971 
thermodsemistry, 118-119 ' 

Benzenediazoic add, 1^ 

Benzene formulas, 120-132 
Armstrong-Basyer, 126 
centric, 126 
centrio^eotron, 181 
aau8,124 
Dewar, 125 
dectronic, 130 
Kdnil4, 121 
Ladenburg, 122 
para bond, 124 
prism, 122 
Thkle, 127-15B 
yohsme S, pagm 46V9<4l6li 
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Bai 2 aieBu]f<»iic acid, 178 
Beiizeiiiet«(a»earto add, 1402, 1442 
Bensh^oxamic acid, rearrangciyient, 
077 

Benddiiie rearraDgement, 076, 005, 
1021 

Bendlie acid reairangonieDt, 074, 076, 
080, 086, 1000 
Bensilmonoximes, 470-471 
Bencohydryl rule, 537’-638 
Benzoin oximes, effect of chelation in, 
1870 

Benzoins from aldehydes, 640 
Benzophenone-anil, addition of Grignard 
reagent, 688 

reaction with organometallic com- 
pounds, 545 

Benzopinaod diphenyl ether, 613 
Benzopyrene, 1332 
Benzopyrylium chloride, 1317 
o-Benzoquinone, reduction potential, 
158-150 

Benzo^ated sugara, preparation, 1561 
3,4-Benzpyr^e, 173 
Benz^azide, rearrangement, 070 
Benzyloellulose, 1601 
Bo'beral, 1214, 1215 
Berberine, 1214r-1216 
Berberonic acid, 1214, 1236 
Beryllium compounds, 545 
optical isomerism, 432-433 
Bessistwol, 1308 

Betaine, occurrence as sugar derivative, 
1614 

Betaine hydrazide, 1115 
Betainea, 1115, 1124, 1157 
Betel alkaloids, 1184-1186 
Bi<^yclic compounds, aliphatic, 114-115 
Bifunctional molecules, producrion 
.polymers from, 705-706 
Bffe adds, 1411-1427 
and 8terd% common nudeus, 1340- 
1350 

Qr-CHs group, 1421 
adkfr reactions, 1418 
.^oapjiagftted, 1428 
jfldiyd^ation, 1416 
4^^1413 


Bile adds, isdation,'l412, 1414 - 
mdeeular compounds, 1421-1422 
natural, 1413, 14SS-1423 
nomCndature, 1414 
nudecu* hydroxyl groups in, 1414-1416 
occurrence, 1412 

phyddogi^ transformations, 1426 
taste, 1416 

traneformations of nudeus, 1418-1420 
unsaturated, 1416-1418 
Bile alcohds, 1425-1426 . 

Bilianic add, 1418-1410 I 

Binary system, MgXs + Mg, S^, 518, 
571; see also Magnesious hwdes 
Biogenesis, of alkaldds, 1252-12^ 
of steroids, 1528 \ 

Biphenyls, coaxial-noncoplanar nfjodd, 
352 

optical isomerism, 347-370 
physical data, 356 
size of groups, 350-361 
steric effects, 366 
unsymmetrical substitution, 355 
x-ray data, 351-352 
Bipyridyls, optical isomerism, 374 
Bipyrryls, optical isomerism, 375 
Biradicals, 602-804 
Birotation, 154Q 

Bischler-Napienilski reaction, 1213 
synthesis of oxyberberine by, 1216 
2,3-Bisde8axyglucoBe, 1633 
Bisexual hormones, 1500 
Bismuth compounds, 562-564 
Bisnorchdanic acid, 1361 
Bisulfite, see Alkali bisulfite 
Bivalent carbon, 073, 080 
Bixanthyl, 604 

Bixanthyl-0,0'-dicarboxylic add, 611 
Blanc method, synthesia of cydoalkar 
mmes, 80-82 

Blanc rule, 81-82, 1358, 1350, 1361 
BOesdeen method of determining abso- 
lute configuration in sugars, 1570 
Boiling points, 1732-1737 
alkyl fluorite, 063-055 
calculated frmn atomic vdmaes, 1734 
corrdation with structure, 1736 
equationB for, 1783-1734 
rdation to dipole moinent, 1736 


y«teaal« paflca trWfi YtemeXIi pages tOTMMS. 
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BoSing points, sdfhydryl compounds, 
840-Ml 

Bond, oodidini^ 1827-1829 
covalent, 1825-1827, 1948-1961 
deetFQStatic, 1948-1949 
OneigieB, 1852-1854 
for covalent bonds, 1800 
ion-dipole, 1949 
ionic, 1825-1830, 1949 
meti^c,1948 
orbitals, 1952-1956 
polarizabilities, 1856-1858 
refracthritieB, 1857 
shared-dectron-pair, 1949-1950 
Boric esters of carbohydrates, 1609-1610 
Boron compounds, 552-i553 
optical isomerism, 432-433 
Brassicasterol, 1398 
von Bratm degradations, 1174-1175 
Bredtrule, 113-114 

Bromination, addition-dimination mech- 
anism, 179-182 
phenanthr^, 179-182 
Bromine^ addition to ethylemc linkage, 
637 

addition to quinones, 691 
addition to unsaturated adds, 683 
Bromomethylfuxfural, from oellulose, 
1698 

l-Bromo-2-naphthbl, 152 
9-Bromophenanthrene, 179 
Brucine, 1236 
Bruoin<^c acid, 1239 
Bnicindone, 12^9 
Brucinonic acid, 1239 
Bucherer reaction, 151 
Bufocbdanic add, 1420-1421 
Bofodesoxychdic acid, 1420 
Bufotalien, 1450-1451 
Bufotalin, 1449, 1450-1451 
Bufotmune, 11^ 1227 
Buna rubbers, 760, 764, 765 
Butadiene, copolymer ^th methyl meth- 
aer3date,767 

Butadieiie dibrmnides, rearrangements, 
1001 


Six 

n-Butylcydopoitane, 118 
Butylene osdde sugars, 1557 
But^ rubber, 760 
Butyric add fermentation, 1661 


Cadmium compounds, 548-549 
Cafesterol, 1398 

Calabar bean alkaloids, 1230-1234 
Calciferol, see Vitamin 
Calcium carbonate as support for 
palladium catalyst, 787 
Calcium compounds, see Ozganocaleium 
compounds 

Camphene hydrochloride, rearrangement 
to isobomyl chloride, 991 
Camphor, 72 

conversion to p-eymene, 118 
Camphor series, rearrangements in, 991- 
993 

Canadine, 1216 
Canaline, 1149-1150 
Canavanine, 1149, 1150 
Cannizzaro reaction, 649 
mechanism involving free radicids, 630 
Caibamino adds, 1095 
Carbanions, in rearrangements, 

optical activity, 383-888 
Carbethoxykryptopyrrole, 1268 
Carbides, 492, 524, 574 
Carbobenzoxyamino adds, 1117 
Carbodiimides, 665 

Carbohydrates, see Sugars and Cellulose 
ceUulose, 1664-1719 
mono- and oligosaooharideB, 1532-1604 
sugar derivatives, 1605-16^ 
4-Carboline, 1228 
Carbon, dixwt fluorination, 946 
Carbonation of Qrignard reagent, 505* 
506 

Carbon atom, asymmetric, 224 
pBeudoaeyminetric, 235 
tetrahedral, 222-223, 1952-4956 
Caibon dioxklflk naetiaa iriHi Grii^ 
nageo^ (S06-£0S 

Carbon digidfiile, raaelioa 11^ 

reagentt^ 


A-'-autonolidfla, 1484 
ButjA aledid and maifbaaa fermentation, 

VtdwBe pec** V*!®®* P*8** IW^lee#. 
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CWbonk add, 8i:df ur aiialogs, 938-^^ 
Cax^bonium ions, in xeanaiigeineiita, 982, 
988, 989, 997<-999 
optical activity, 897*400 
Carbonium aalts, antbcxyanins, 1317 
footnote 

Carbon monoacide, electronic theory of 
addition to, 1907-1908 
Carbonyl bridgee, 087 
Carbonyl oounpoi^da; aee under tn^ 
dwidtud members 
Carbonyl group, 648-057 
Carbowaxea, 771 
o^^aiboxydzinamic add, 133 
Carboxyl group, rates of esteiifioation, 
083 

Carbyiaminee, see Isoeyanides 
Carbyl aulf ate, 904 
isolation in sulfonation, 040 
Cardiac a^uoons, 1427-1447 
and toad poisons, 1427-1454 
interrdationship, 1443-1447 
lactone ring, 1434-1435 
principal members, 1431 
ring syst^ 1430, 1432 
squill aglucon, 1448 
stroidianthidin, 1435-1440 
stmeture and phydologioal action, 
1452-1454 

Cardiac glycosides, 1427-1430, 1033 
physidogical potency, 1453 
prindpal members, 1428-1429 
sourc^ 1427, 1428-1429 
Camegine, 1254 
Camosine, 1157-1158 
Castor^bean alkaloid, 1180-1187 
Catalase, 1260 

Catalysts^ amorphoas forms, prepara- 
tion, 784-:m9 

coDcidal feme, preparatjon, 783 
definition, 790 

foresteriOBationof cdldose, 1079 
for fodrogeoatioD, pieparatUm, 783- 
7W 

^ 1814 

79(V-797 


Catalytic ledoctiim of variooa fune^ 
groqpB, 797H819 
Cationoid activity, 1859 
Cdlan, 1099 

CeUobioBe, ddermination of atnietuxe, 
1598-1600 
from cdlulose, 1097 
Haworth formula, 1097, 1712 
Cdlodextrins, 1096 
CeUdoeates, 1669-1072 
Cdlulose, 1064-1719 
acetals, 1689 
aeetat^ 1679-1683 
acetdyds, 1008, 1082 
action of ammonia, 1672 
action of enzymes, 1071 
action of hot alkalies, 1673 
action of hydrobrcmic acid, 1698 
action of hydrochloric acid, 1098 
action of periodic acid, 1093 
action of Schweitzer’s reagent, 1074 
action of strong organic bases, 1672 
aging of, 1072-1673 
alcobdates, 1070 I 

alkali fusion, 1673 
alkali metal derivatives, 1609-1072 
amino-> 1083 footnote 
animal, 1607 

arrangement d micellae in, 1714 
as polyacetal, 734 
bacterial, 16M 
benz^ ether, 1091 
carbo3cyiic groups in, 1068 
catalysts for esterification, 1079 
cdlolnose Inxm, 1608 
chemical constitution, 1701-1709 
cshemical properties, 1667 

complex metafile salts, 1674 
copper-ethylenedlainine, 1074 
oupraainiioiiiuin, 1074-1075 
degradation, fay acids, 1094-1099 
by bUoidoalpinossss^ 1700-1701 
degree of jxilymerlaatioD, 1060 
deriyatimvrithovw 1072 
destructive distillation, 1699-1700 
esters, 1078-1687 

with iMdinmaidfosiie odd* 1682- 
1088 


6Wf 779-W9 

aadhydragn^^ 

966^ IHUinj ^ 
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CennIdM, «tbm, 1687-1091 
ethyiene oxide derivatives, 1690 
feratetatk^ of, 1700-1701 
Obriilar atnieture, 1716-1718 
fine struoture, 1709-1716 
S^uoose from, 1668 
l^yo(fiio acid ether, 1690 
hydrate, 1671 

hydrolyrie by acids, 1668, 1694 
isolation and purification, 1666-1667 
meroerisation, edth adds, 1672 
with bases, 1669 

methyl and ethyl ethem, 1687-1689 
methylene ethers, 1689 
microstructure, 1716-1718 
mdecular weight, 1705-1709 
nitrate, 1677-1679 

oligosaccharides from, 1668, 1606-1699 
oxidation, 1691-1694 
reducing power, 1667 
regeneration from solution, 1675 
sotvente for, 1676 
sources, 16^ 
standard, 1667 
structural formula, 1667 
BubmioroBCopiG structure, 1710, 1713- 
1716 


Cerevisterd, 1899 
Chain reactions, 1982 
Ch’anSu,1449 

Chapman rearrangement, 1016 
Chavicic acid, 1181 
Chavicine, 1180 
Chdate rings, 1868-1883 
aromatic compounds, 140-141 
polydentate, 1877-1878 
spirane types, 1871 
Chelation, 1868-1883 
detection by absorption spectra, 1778- 
1783 

effect on orientation, 1877-1879 
in chemical reactions, 1879-1883 
in Grignard reaction, 1003 
intramolecular, 1003 

Chemical reactivity, see Relative reaotiv* 
ity 

classification, 1858-1861 
comparison, 1032-1072 
by competitive reactions, 1064-1072 
by severity of conditions, 1062-1064 
effect of concentration on comparison, 
1063 

interpretation of data, 1072-1077 
Chemigum, 760 


sulfates, 1679 Chemiluminescence, 504, 508 

sweliing, 1671 Chenodesoxychdic acid, 1346, 1414 

syntheds of, by bacteria, 1668 hypobromite oxidation, 1377-1378 

thermal degradation, 1699-1700 position of C 7 — OH group in, 1415 

tosyiation, 1682-16^ Chitin, 1614 

tr4>henylcarbinyl ether, 1690 Chitoscunine, 1613, 1614 

type linkage in, 1704-1705 Chi(»alglucoBe, 1700 

viscciity, 1669 Chloramine-T, 902 

viscodty of sdutkm, 1707 Chlorins, synthetic, 1312-1313 

X"iray structure atudies, 1709*1716, ChloroacetamUdes,rean!angeiDent^ 
1707 Chlorooodides, 1222 


Cellulose foitmdas, present concept, 1667 
Tdlena, 1702 

CeEulose struetuie, Meysr and Mark 
eencept, 1712-1713 
pmeot ooQcept, 1667 
SpcModer and Dore cono^t, 1710-1711 
CdldosemmHiat^ 1670, 1683-1687 
wM|Mili 4 -i^^Mw of formatiim, 1684-1685 
pr^iMuiidon, 1683^684 

ripening, 1686 


Chlorogenins, 1465-1466 
Chlcsrohydrixis, ring contraction in Grig* 
nard reaction, 513 

C 9 dordodomethansi^<^ add, resdu 
tioB, 227 

Chloromorphides, 1223 
l^hloro* 2 *naphihd, 151, 152 
Chlon^hyll, 1260, 1293-1314 
aUomerisati<Hi of, 1304-1805 
carboeydio Aig in^ 1801-1303 
oonfigumtimi of, 1290 


gg I o 

t40ITt WhawlI, IBtW 
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CUoTophyll, degradation by hydrogen 
iodide, 1299-1301 

dihydroporphyrin nudeus in, 1306- 
1308 

formyl group in, 1309-1311 
investigations of Ck>nant, 1303-1305 
investigations oi Willst&tter, 1297- 
1298 

nudear structure, 1295-1297 
partial synthesis, 1311-^1313 
phase test, 1303 
phytyl group in, 1298 
rdation to hemin, 1314 
relation to organcmietallic compounds, 
578 

role in photosynthesis, 1314 
vinyl group in, 1305-1306 
ChlorophyU o, 1297-1308 
structuiiLl formulas, 1308 
ChlorophyU 6, 1309-1311 
ChlorophyU derivatives, hydrochloric 
acid number, 1295 

ChlorophyU porphyrins, 1274, 1289, 

1290, 1295-1297 

Chloroprene, emulsion polymerization, 
765 

neoprene from, 760 
Cholanic acid, 1361, 1412 
degradation, 1360-1361 
from bUe acids, 1360 
from coprostane, 1350 
Cholatrienic acid, formation, 1350, 1351 
Choldc acids, 1421-1422 
Cholestadienes, 1394-1395 
Cholestane, chair types ci omfiguration 
in, 1368-1369 

evidmce in support of structure, 1369 
fcmnaticm, 1350 
I^ydcal constants, 1370 
stereochemistryr 1367-1369 
Ohdestanedione, 1355, 1366 
Chdestanedione pyridadne, 1355-1356 
Oboiestanediond, 1355, 1356 
Cfadestanetriol, 1355, 1356 
CSidestanoi, tee Dihydrochoiesterol 
C^destUMaie, 1389 
hydregenatiim, 1373, 1374 
Ca^qtostone, by reduction of chdesteryl 
chloride, 131^ 


Cholestene, structural formula, 1358 
A^-ChQlestene-3,6-diQl, 1385 
A^-Cholestene-3,4-diol, 1385 
Cholestenone, catalytic hydrogenation, 
1373 

frcnn cholesterol, 1357 
A^Cholestenone, 1390, 1393, 1394 
A^-Oholestenone, 1393 
ChdesterUene, 1394 
Chdesterd, 1392 

catalytic hydrogenation, j 1349-1360, 
1373 

Dids’ hydrocarbon from, 1)^9, 1351 
occurrence, 1392 * 
old structure, 1346-1348 
oxidation with hypobromitcl 1359 
reaction with phosphorus ^ntachlo- 
ride, 1375 

rdationship of hydroxyl group and 
double bond, 1354-1358 
sdenium ddbydrogenation, 1349 
size of ring A and B, 1358-1360 
size of ling D, 1360-1361 
structure, 1346-1347 
Walden inversion, 1376-1377* 
f-Chdesterol, 1383-1384 
Cholesteryl chloride, 1350, 1376, 1393 
Chdesteryl methyl ethers, 1383 
Cholesteryl p-tduenesulfonate, acetyla- 
tion, 1383 

reaction with methand, 1383 
Chdestyl chlorides, 1376 
ChoUc acid, dehydration, 1417 
dehydrogenation, 118, 1350-1351 
hypobromite oxidation, 1377-1378 
isolation, 1412, 1414 
124cetocholanic acid from, 1354 
old structure, 1346-1348 
position of C 7 -OH group in, 1415 
stru^ure, 1346-1347 
Chondrosamine, 1613 
Chromatographic analysis, purification 
of anthocyanins, 1325 
sterohls, 1407 

Chromium compounds, 564-565 
Chromone, 1332 
Chrcnnophoies, 1788-1789 
Chrysene from natural products^ 1348, 
1350, 1352, 1449, 1473 


Vetaae I, pages 1-1077; Ydiniie O, pages 1079-1988. 
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Ciba type resins, 732 
Cincholoiponic acid, 1204 
Cinchona alkaloids, 1202-1208 
Cinchonine, 1202-1203 
Cinchoninic acid, 1203 
Cinchoninone, 1203, 1205 
Cinchotenine, 1205 
Cinchotoxine, 1205 

Cinnamic aldehyde, additions to, 675- 
681 

Cinnamylcocaine, 1202 
Cinobufagin, 1449, 1451 
Circular dichroism, 288 
Circularly polarized light, 285-287 
Cis- and frarur-elimination, 1026 
Cm- and ^rans-migration, 1026-1027 
Cis-trana isomerism, 444-487 
definition, 444 
in azo compounds, 473-477 
in carbon-carbon double-bond com- 
pounds, 446-464 

in carbon-nitrogen double-bond com- 
pounds, 465-473 

in condensed ring sj^tems, 484-486 
in cyclic compoimds, 477-486 
in Diels-Alder reaction, 462-464 
in diphenoquinones, 44 6- 44 7 
in ethylene series, 446 
in fused ring systems, 328, 484-486 
in heterocyclic compounds, 483-484 
in nitrogen-nitrogen double bond com- 
pounds, 473-477 
in oximes, 465-473 
in polyolefins, 464 
in terphenyls, 486-487 
types, 444 ^ 4 5 

C%8-4rans isomers, azobenzene, 473-474 
determination of configuration in 
cyclic isomers, by absolute meth- 
od, 480-481 

by physical properties, 479 
by relation to optical isomers, 478, 
480-481 

determination of configuration in 
ethylene isomers, by chemical 
behavior, 459-462 
by kinetic studies, 452-453 
by physical properties, 449-462 


Cts-^ans isomers, determination of con- 
figuration in ethylene isomers, by 
relation to cyclic compoimds, 447- 
449 

by relation to saturated compounds, 
461-462 

determination of configuration in 
oximes, by Beckmann rearrange- 
ment, 470-471 

by dipole-moment studies, 471 
by relation to cyclic compounds, 
467-470 

by restricted rotation, 471-472 
hydrogenation, 800-801 
interconversion of, in cyclic series, 482 
in ethylene series, 453-459 
in oximes, 472 
Citraconic imide, 1264 
Citric acid fermentation, 1662 
Citrulline, 1147 
Civetone, 105 

Claisen rearrangement, 141, 149, 189, 
999 

Classification of sugars, Rosanoff meth- 
od, 1541-1544 

Claus formula for benzene, 124 
Cleavage, of cyclobutane ring, 101-102 
of cyclopropane ring, 101-102 
of diketones by hydrogen peroxide, 671 
of 1,3-diketones, 1070-1071 
of ethanes by alkali metals, 605, 610 
of unsymmetrical diarylmercury com- 
pounds, 1071-1072 
Clemmensen reduction, 644, 1357 
Coca alkaloids, 1198-1202 
Cocaine, 1198-1199 
Cocamine, 1202 
Codamine, 1219 
Codeine, 1221 
Codeinone, 1222, 1223 
Cold drawing, of polyacetals, 734 
of polyamides, 726 
of polyesters, 712, 717 
CoUigative properties, definition, 1722 
Color, of dyes, 1981-1983 
theories of, 1788-1793 
Color test, ^tection of organometallic 
compounds by, 496-497, 618 
525,564 


by relation to acetylenes, 460-461 

Vdliime I, pages i-1077; Vohime H, pages 1079-*1988. 
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Odor test I, 0 ]:;gaiKmietaIlic compoundB, 
49&-497 

Odor test II, organometallic compounds, 
525 

Cdor test III, organometallic com- 
pounds, 564 

Cdumbium compounds, 561 
Comparison of chemical reactivity, 1032- 
1077 

Compensation, external and internal, in 
optical isomers, 233 
Competitive reactions, 1064-1072 
alkyl halides and silver nitrite, 1065- 
1066 

deavage of l,3-diketone8, 1070-1071 
deavage of unsymmetrical diaryl- 
mm^cury compounds, 1071-1072 
formation of cyclopropane derivatives, 
1065 

functional groups with Grignard re- 
agents, 501, 516-519, 553 
pinaodone rearrangement, 1066-1069 
pyridine and alkyl bromides, 1064-1065 
two alcohols or amines with phen 3 d 
isocyanate, 1069-1070 
Condensation, Friedlgnder, 1254 
ci carbonyl compounds, 648, 652-654 
of fluorides, 957 

of unsaturated compounds, cycliza- 
tion by, 75-76 

Condensation pdymerization, 706-739 
^ttdensation pdymers, definition, 702- 
703 

Condensed ring systems, cMrans isom- 
erism in, 484r-486 

Conductivities of oiganometaUic com- 
pounds, 530-532, 565 
Configuration, octahedral, 222 
of sugars, notation, 1543 
optical, rdated compounds, 278 
planar, 222 
tetrahedral, 222 

Ccmfigurational isomerism of monosac- 
charides, 1535-1545, 1570-1572 
Omfigurational notation, 304-305 
ctsrnidi, 1872 

1179-1180 
r-Onaieiiae^ 1179 
Ooniitie^ 1178 


Conjugate addition, see 1,4-Addition 
Conjugated compounds, comparison with 
b^isene, 142 

Conjugated systems, 666-699 
addition of Grignaid reagent, 506-507 
addition of halogen, 1001 
crossed, 689-692 
in C3rdopropane derivatives, 102 
long, 693-699 
resonance energy of, 1917 
Conjugation, effect on molecular refrac- 
tion, 1752 I 

unsaturation and, 631-700 \ 

Constitution, and physical properties, 
1720-1805 \ 

effect on proi)ertie8, 1723 t 1724 
Constitutive properties, definition! 1722 
Convallatoxigenin, 1447 
Conyrine, 1178 
Coordinate bonds, 1827-1829 
Coordination complexes, 1866-1867 
with Grignard reagent, 509 
with organogallium compounds, 556 
with trimethylgold, 543 
Coordination compounds in organo- 
metallic chemistry, 556-557 
Copdymerization, example, 705 
Copolymers, 757-758 
definition, 705 

methyl methacrylate and butadiene, 
757 

Copper chromite catalyst, preparation, 
788-789 

reduction of esters in sugar series, 
1591-1592 

Copper compounds, 542-544 
optical isomerism, 432-433 
Copper-ethylenediamine cellulose, 1674 
Coprostane, saddle types of configuration 
in, 1368-1369 

evidence ip support of structure, 1369 
formation, 1350 
physical constants, 1370 
stereochemistry, 1367-1369 
Coproetanol, see Coprosterd 
Coproetanone, 1371, 1373-1374^ 1390 
Coprosterd, dicarbcnylio adds from, 
1370 

etiodiohuidones from, 1502 


YdmM It pagis 1-1077 ; Vdume n, pages 1079-1988. 



INDEX 


XXV 


CoproBterol, formation, from cholesterol, 
1360 

from ec^rostanone, 1373 
molecular compounds, 1392 
occurrence, 1393 
oxidation, stepwise, 1361-1362 
Corpus luteum hormone, 1487-1489 
Cortin, 1511 
Cotamic acid, 1220 
Cotamine, 1213, 1220 
Cotton effect, 2^ 

Coumarone polymer, 756 
Coupling reactions, addition-elimination 
mechanism, 196 
anthranols, 166 
aromatic amines, 191, 192 
decomposition of organometallic com- 
pounds, 543 

Grignard reagents, 508-^509 
hindrance, 197-198 
hydrocarbons, 199 
naphthols, 148, 154 
phenanthrols, 161 
phenol ethers, 195 
phenols, 191, 192 
tertiary amines, 195 
UUmann, 544 

Wurtz-Fittig, 608, 539-642, 644 
Covalence maxima, rule, 1829-1830 
Covalent bond, 182^1827, 1948-1951 
ionic character, 1951-1952 
2-Govalent hydrogen, chelation, 1869 
examples, 1830 
in dyad systems, 1736 

2- Covalent iodine, 1840 

3- Covalent iodine, 1840 
Cracking, 27 

Creatine, 1111-1113, 1142 
Creatinine, 1112-1114, 1142 
Cro8s4ink^ polymers, 703 
swdling, 742 
Crossdihking, 719-720 
acrylate pdymers, 752 
Cryptosterd, 1399 
Crysialite, 752 
Crystal radii of ions, 1888 
Crystals, asymmetric, 220 
Cumalinic acid, 1450 
Cumuiative double bonds, 662-665 

Vohime I, pages l-lOTTi 


Cumulenes, 663 

Cuprammonium cellulose, 1674-1675 
Cupreine, 1208 
Cuprotenine, 1205 

Curtius rearrangement, 977-980, 988- 
990, 1004, 1013, 1022, 1024 
Cuscohygrine, 1189 
Cuspareine, 1208 
Cusparine, 1208-1209 
Cyanide radical, 616 
Cyanides, see Nitriles 
Cyanidin, 1318 

o-Cyanocinnamic ester, addition of Grig- 
nard reagent, 691 

Cyanogen bromide, reaction with organic 
sulfides, 859 

Cyanogen bromide degradation, U74- 
1175 

Cyanohydrin formation, rates, 1035- 
1038 

Cyanohydrin preparation of sugars, 1538 
Cyanohydrins, stability, 1036-1037 
Cyclic compounds, ds-irans isomerism, 
317, 477-486 

intermedates in rearrangements, 973, 
976,990 

optical isomerism, 315-336 
polymerization, 770-771 
Cyclic ketones from pyrdysis, 78-82 
Cyclic structure, effect on mdecular 
refraction, 1752 

Cyclization, by Bischler^Napieralski re- 
action, 1213, 1216 
by Darzens reaction, 183 
by elimination of hydrogen halides, 
86-88 

by Freund reaction, 74-76 
by hydrogen fluoride, 958, 959 
Diels-Alder, 76-78 

formation of alicydic compounds, 
74-96 

l,2^ycloalkanedids, reactions, 108-110 
Cycloalkanediones, synthesis, 78-79 
Cycloalkanes, properties, 103-106 
Cydoalkanols, 107-108 
C^doalkanones, properties, 106-107 
Cydobutane, deavage, 103 
Cydobutanone, synthesis, 106 
Cydodehydration, 92-98 
VdmneH, pigw lQt9-aW. 
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Cydobexane, boat or C-formi 321 
diair or Z4orm, 321 
saddle and chair forms, 70, 114 
Cydohexanone-4-carbQxylic acid, isom- 
erism of oxime, 467 
Cydohexene, 183 
CydoOctatetraene, 129, 213 
unsaturated alicydic nature, 112 
Cydodefins, properties, 111-114 
Cydc^ntadeeanone, 105 
C3rdopentadiene, reactions, 76-77, 111- 
112 

Cydopentanedione-1,2, 140 
Cydopentanoperhydrophenanthrene de- 
rivatives, see Steroids 
Cydopropane, deavage, 101-102 
reaction with hydrogen fluoride, 948 
Cydopropane derivatives, formation in 
competitive reactions, 1065 
attempted syntheses, 100, 105 
p-Cymene, formation from camphor, 118 
Cysteic acid, 1132 
Cysteine, 1130-1136 
Cystine, 1130-1135 

D 

Daidzein, 1338, 1339 
Darzens reaction, 183 
steroids, 1526 
Dealkylation, alkanes, 20 
Deamination, semi-pinacolic, 1012 
Decalin, 147 

and derivatives, isomerism, 114-115 
Decker reaction, 1233 
Degradation, Barbier-Widand, 1357 
von Braun, 1174-1175 
camphoric acids, 1013 
catal 3 rtic, 1174 
Emde, 1173-1174 
Hdmann, 1172-1173 
of desoxychdic acid, 1363, 1364, 1522 
of bemin, 1261-1263 
of lithocholic add, 1361-1363 
of sugais, 1638-1662 
WaBadi,99 

Wkbnd (Batbie^Widand), 1357 
Degree bf polymerization, definition, 
741 


Dehydration, by hydrogen fluoride, 958 
in rearrangements, 985 
of sugars, methods, 1540-1541 
Dehydroandrosterone, 1503, 1506, 1509, 
1527, 1528 

7-Dehydrocholesterol, 1387, 1406-1407 
Dehydrocorticosterone, 1521 
Dehydrocyclization, alkanes, 28-30 
alkenes, 28, 30 
catalytic, 28-30 
influence of chain length, 30 
mechanism, 31 
thermal, 27 

Dehydrodesoxycholic acid, 1363,\ 1364, 
1415 

Dehydroergosterol, 1410 
Dehydrofluorination, 957 \ 

Dehydrogenation, catalytic, 25-27 
hydroaromatic compounds by disul- 
fides, 863 
mechanism, 27 
steroids, with bromine, 1417 
with mercuric acetate, 1404, 1410 
with palladium, 1350, 1408, 1479 
with platinum, 1402, 1489 
with selenium, 1349, 1350-1351, 
1353, 1354, 1403, 1408, 1410, 
1432, 1449, 1454, 1459, 1467, 
1474, 1526 
with zinc, 1473 
thermal, 25 

with organometallic compounds, 537 
Dehydrolumisterol, 1404, 1410 
Dehydroneoergosterol, 1402, 1476 
7-Dehydrositosterol, 1411 
Dehydrosterols, 1387, 1388, 1401 
7-D^ydrostigma8terol, 1411 
Ddphinidin, 1318-1319 
Demjanow rearrangement, 96-97, 107 
Density, of alkyl fluorides, 951 
of organic compounds, 1741-1746 
Dephanthanic acid, 1440, 1441 
Derived sugars, 1617-16^ 
Desoxybilianic acid, 1363, 1364 
degradation, 141^1419 
Desoxychblic acid, 1346, 1354, 1414 
degradation, 1363, 1364, 1522 
molecular compouiids, 1421 
structure of acid CuHsoOe, 1363-1366 


VbliiiM I| pages 1-10T7; Vohime XI, pages 107P-1968. 
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Desoxycorticosterone^ 1433, 1520, 1523- Diazoacetic ester, in chlorophyll studies, 
1524 1306 


2*DeBoxy^uconic acids, preparation, 
1631 

Desoxyphylloerythrin, 1300 
2-DeBOxystyracitol, 1633 
Desoxy sugars, 1631-1633 

2- , 1631 

3- , 1631-1632 
6-, 1632-1633 

a-Desoxy sugars in cardiac glycosides, 
1430 

Desoxyvasicine, 1251, 1255-1256 
Destructive distillation of cellulose, 
1639-1700 
Detergents, 886 
Deuterium, 1876 

Deuterium compounds, enolization stud- 
ies, 246 

optical activity, 302-304 
racemization studies, 246 
Deuterohemin, 1282 
Dcuteroporphyrin, 1280, 1282 
Dewar formula for benzene, 125 
Dextro form, definition, 225 
Diacetoneglucose, establishment of struc- 
ture, 1557-1559 

Diacetyldeuteroporphyrin, 1282 
Diacetylpseudoglucal, 1630 
Diacyl disulfides, 935 
Diacyl sulfides, 935 
9,9'-Dialkylbixanthyls, 608-609 
Diamines, and dibasic acids, polyamides 
from, 724-727 
Diarylacylmethjds, 610 
Diar^kylmethyls, 606-610 
Diarylamino radicals, 616 
Diar;^carboxymethyls, 611 
Diaryicyanomethyl radicals, 611 
Diar^disulfides, 619 
Diarylhydroxymethyls, 612 
Diaryimethyls, 604-606 
Diarylnitrogen oxides, 618 
DiarylperoxideB, 618^19 
Diaatereoismners, formation, 230-232 
properties, 230 
relationship of, 229-230 
resdution by, 256-260 
Diasides, rearrangment, 978 
Vdisme I, mn 


ring compounds from, 95-96 
Diazoaminobensene, rearrangements, 
194 

Diazoamino compounds, rearrangement, 
993 

Diazo compounds, aliphatic, addition to 
unsaturated esters, 682-683 
mesomeric effects, 1913 
Diazoketones, opticdly active, rear- 
rangement, 1014 

Diazomethane, addition to ethylenic 
linkage, 642 

addition to quinones, 691 
decomposition, 983 
ring expansion by, 99-100 
Diazonium cations, electronic theory of 
addition to, 1907 

Diazonium compounds, aromatic, addi- 
tion to dienes, 670 
addition to a,j9-unsaturated esters, 
683 

ci84ran8 isomers, 474-477 
in preparation of aromatic fluorides, 
950 

Diazonium fluorides, 950 
Diazonium salts, in preparation of organ- 
ic sulfides, 8^ 

in preparation of thiophenols, 844-845 
reaction with sulfinic acids, 918 
Diazotization in hydrofluoric acid, 950 
Dibasic acids, and diamines, polyamides 
from, 724-727 

polymeric anhydrides from, 735 
pyrolysis of salts, 78-82 
Dibenzalpropionic acid, brommation, 690 

2.3.6.7- Dibenzanthracene, 603 
{tn.-Dibenzanthraoene, 170 
Dibenzylbutadiene, 143 
l,2-Dibromide8, rearrangranent, 1002 
1,4-Dibromides, formation by rearrange- 
ment, 1001-1002 

6.7- Dibromotetralin, 139 
Dibromotyrosine, 1129 
Dieckmann reaction, 79-80, 89-91 
Dielectric constanti as factor in rear- 
rangements, 902 

of alkyl fluoridea, 952 

Vohune IX, pages WI9-1988. 
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Didb’ add, 1359, 1360 
Diels-Ald«r reaction, 165, 685-687 
cMrans isomerism in, 462-464 
oydisation by, 76-78 
dectronic theory, 1923 
formation of endocyclic bridges by. 111 
Dids’ hydrocarbon, from cardiac aglu* 
cons, 1432 

from cholesterd, 1349, 1351 
from digitalis saponins, 1454 
from gitogenin and sarsasapogenin, 
1459 

from lumisterd, 1403 
from pseudobufotalin, 1449 
from steroid alkaloids, 1467 
from vitamin Ds, 1410 
structure, 1349 
syntheses, 1352-1353 
Diene reactions, 1915-1916 
Dienes, 667-670; sea also Alkadienes 

1.2- , 1911 

addition of alkali metals, 668 
addition to quinones, 691 
catalytic reduction, 801-802 
polymerization, 758-759 
by alkali metals, 762-763 
reduction, 667 

Diene synthesis, see Diels-Alder reaction 
Dienoid systems, 1,2-, 1911-1914 

1.3- , 1914-1919 
Diethylstilbestrd, 1484-1485 
Digigenin, 1447 

Digitalis sapogenins, 1454-1468 
Cr--OH group, 1460-1461 
Ci 7 side chain, 1461-1464 
prindpal members, 1458 
ring nudeus, 1459-1460 
Digitalis saponins, 1456-1457 
Digitogenin, 1466-1467 
Digitdc add, 1466-1467 
Digitonides, insduble, 1374, 1376, 1444, 
1455, 1460, 1467, 1480, 1496, 
1506, 1515, 1516 

Digitoiiin, 1374, 1455, 1456-1457 
7-I%N«Kaiiddiadd^ 1432, 1443, 1446 
IMpjMiflsnia, 1482, 1443 
1340 ^ 

Djgooqgeiiiii, 1444 
1488 


9.10- Dihydroanthracene, 164 

1.2- Dihydrobenzene, thermochemistry, 

119 

Dihydrochdesterol, dicarboxylic acids 
from, 1370 

formation, 1349, 1373 
glucoside formation, 1375 
Dihydrodiethylstilbestrol, 1484 footnote, 
1485 

17-Dihydroequilenins, 1478, 1479 
17-Dihydroequilin, 1479 
22-Dihydroergosterd, 1406 \ 

DihydrofoUicular hormone, see d^Estra- 
diol and /S-Estradiol \ 
Dihydrogitoxigenin, 1439 
mutarotation, 1445 
Dihydroglucal, 1633 
Dihydronaphthalenes, 156-158 

9.10- Dihydrophenanthrene, 161 
Dihydroporphyrin nudeus in chloro- 
phyll, 1306-1308 

Dihydrostrophanthidin, 1437 
reaction with hydrogen cyanide, 1440 
Dihydrotachysterd, 1406 
Dihydroxyacetone, conversion to glycer- 
aldehyde, 1641 

2.6- Dihydroxyanthracene, bromination, 

166 

Dihydroxychdenic add, 1417 

7,4 -Dihydroxyisodavone, 1338 

2.3- Dihydroxynaphthalene, bdiavior on 

oxidation, 155 

2.6- Dihydroxynaphthalene, 154 

2.7- Dihydroxynaphthalene, 154 
Dihydroxyphenylalanine, 1128 
Dihydroxysapogenins, 1465-1466 

4.4 - DihydroxystObene^ 1484 
Diiodotyrodne, 1129 
7,12-Diketocholanic add, 1371 
Diketones, cydoalkanediones, 78-79 

1.2- , 671 

deavage by hydrogen peroxide, 671 

1.3- , deavage competitions, 1070-1071 

1.4- , unsaturated, 693-696 
0-, endisatioD, 1040-1041 

Diketonucidine, 12^ 

Diketopipera^eB, 1114, 1120 
Dilution effect, Rug^i, 707, 710 
Dimeriaation, free radicals, 597 


Veteae 1, pagea Vohmm n, pages 10734968. 
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Dimerizing addition, metals to olefins, 
527,546 

oiganometallic compounds to olefins, 
537 

2.4- Dimethyl-3,5-dicarbetlioxypyrrolc, 

1264 

2.4- Dimethyl-3,5-diethylpyrrole, 1265 
Dimethylglycine, 1115 
Dimethylnaphthalene, 1408 

2.4- Dimethylpyrrole, 1264, 1265 
Dioscin, 1456, 1457 

Diose, structure, 1583-1584 
Diosgenin, 1464, 1465 
Diphenoquinones, ciii-4rans isomerism, 
446-447 

0,10-Diphenylanthracene, biradical, 604 

1.4- Diphenylbutadiene, 142, 143, 157 
DiphenylcUoromethanes, rates of reac- 
tion with alcohols, 1055-1057 


Disacchaiides, table of common, 1593 
Dispersion, abnormal, 292 
normal, 292 
of alkyl fluorides, 962 
rotatory, 288, 2^293 
Displacements, electromeric, 1842 
inductive, 1842 
Disproportionation, 1924 
free radicals, 498, 597 
organometallic compounds, 568, 572- 
676 

Dissociation, Grignard reagents, 517-518 
of carbon-carbon bond, 974 
to free radicals, energy of activation, 
592-593, 617 

hexaarylethanes, 587-595 « 

theories, 593-595 
Disulfides, organic, 861-863 
general characteristics, 861 


a,a-Diphenylethylene, 176, 177, 179 
a,/3-Diphenylethylene, 143 
Diphenylh^triene, 143 
Diphenyliodonium salts, 1840 
Diphenylketene, addition to benzalace- 
tophenone, 677 

as rearrangement intermediate, 974, 
980 

reaction with Grignard reagent, 514- 


preparation, by alkylation of sodium 
disulfide, 862 

from alkyl halides and sodium 
thiosulfate, 862 

from mercaptans and thiophends, 
861 

reactions, 862-863 
with halogens, 862-863 
with strong alkali, 863 


515, 664 

Diphenyloctatetraene, 143 
Diphenylpolyenes, 143 
Diphenylthiocarbanilide, 942 
Dipolar ions, amino adds, 1088-1090 
Dipde mcnnents, 1752-1761 
alkyl fluorides, 962 
aromatic compounds, 139, 206 
calculation from rate data, 1030 
cMrans isomers, 451 
factors for calculation, 1755 
oxime derivatives, 471 
relation to boiling point, 1736 
relation to structure, 1767-1760 
Dipyrryibwizenes, <^ical isomerism, 377 
Dipyrrylmethenee, 1267-1270 
Directive influence, of pdyfluoride 
group, 960 

of substituent groups, 2(^212, 1976^ 
1979 

Disaocharides, structure, 1592-1603 


reduction, 843 
tbiolsulfonates from, 907 
Disulfones, 883-884 
DisulfoxidM, 905, 912 
Disulfoxide structure of thiolsulfonic 
esters, 912 

Dithio adds, preparation, 931-932 
Dithiocarbamates, 938, 939-940 
Dithio esters, preparation, 932 
Divinylacetyiene, 668 
Divinylbenzene, effect on styrene pdy* 
mere, 748-750 

4,5-Divinylcatechol, 155 
Divinyl ether polymer, 756 
Djenkolie acid, 1136 
Donaxine, 1228 

Double bonds, cumulative, 662-665 
twinned, 662-666 
Dreft,8S6 
Drene^ 886 
Duprene» 760 


Tohm* I, I-IOTTJ 
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Dyad systems, 1936-1937 
Dyes, cdor of, 1981-1983 
fluorine-containiDg, 963 

E 

Ecgonine, 1199, 1201, 1253 
Effective nuclear charge, 1824 
Electrolysis, organometallic compounds, 
568 

Electromeric displacements, 1842 
Electromeric effects, 1845-1847 
resonance, 1977 

Electromeric polarizabilities, 1847 
Electron afEnity of free radicals, 609 
Electron diffraction, 1769-1774 
Electron displacements, 1840-1850 
Electronegativity, Pauling scale, 1854, 
1855 

series of radicals, 1072 
Electronic characteristics of typical 
bonds, 1883-1907 

Electronic concept, of rearrangements, 
1004-1027 


Energy, of activation, free radicals, 
592-593, 617 

of dissociation, free radicals, 592-593 
Energy chain mechanism of polymeriza- 
tion, 773 

Enolic structure, sugars, 1584-1585 
Enolization, alkaline rearrangements of 
sugars, 1641-1646 
equilibria in, 1040-1041 
Entemann-Johnson series, relative reac- 
tivities of functional groqps, 501, 
504, 548 

Entropy of organic compounds\ 1795- 
1798 

Enynes, 667-670 
Enz3rmes, free radical concept, < 

Ephedra bases, 1176-1178 
Ephedrine, 1176-1178 
i^prallocholesterol, 1394 
Epichitosamine, 1613 
j^picholesterol, 1393 
^picoprostanol, 1392 
Epfcoprosterol, etiocholanolones from, 
1502 


of valence, 1822-1941 
Electronic configurations, atoms, 1824- 
1825 

inert gases, 1825 
organic molecules, 1832-1839 
Electronic formulas, derivation, 1832- 
1834 

EledTonic structures, atoms, 1944-1948 
Electronic symbols, 1834 
Electronic theory of aromatic substitu- 
tion, 205 

Electrophiles, 1859 

Electrophilic substituting agents, 1029, 
1031 

Electrostatic bond, 1948-1949 
Emde degradation, 1173-1174 
Emulsion polymerization, 742 
Enandomorphs, interconvendon, 264- 
281 

properties, 227 
separatioii, 254-264 

Emloaiithiaoene maleic anhydride, 165 
Eodo^ydic bridges. 111 
EbdoetliQdemc brid^, 686 
BEie£ole,e71, 1584 


from cholesterol, 1350 
from coprostanone, 1373 
oxidative degradation to lithocholic 
acid, 1414 

Epfdihydrocholesterol, 1373 
formation from cholesterol, 1349-1350 
formation through Walden rearrange- 
ment, 1375 

glucoside formation, 1375 
oxidation, 1502 
Epimerization, 247 
steroids, 1373-1374 
sugar acids, 1640 
Epimers, definition, 1536 
synthesis, 1539-1540 
Epineoergosterol, molecular rotation, 
137^1379 
Epoxides, 634-635 
from a,/9-un8aturated ketcmes, 676 
Equilenin, 1478 

total synthesis, 1475-1476, 1477 
Equilibria, enolization, 1040-1041 
esterification and idcoholysis, 1044* 
1046 

formation of acetals, 1046-1048 
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HfQUilibnfty fonn&tion of soinicarb&zonoS} 
1049-1052 

Grignard reagents, 497, 603, 612, 614, 
617-618 

hydrogen cyanide with aldehydes and 
ketones, 1035-1038 
metathetical reactions, 1807-1808 
organometallic compounds, 497, 503, 
512, 614, 517-518, 645, 547, 551, 
572, 573 

redistribution reaction, 1807 
three-carbon tautomerism, 1041-1044 
Equilibrium constants, redistribution 
reaction, 1815-1818 
reliability, 1060-1062 
Equilibrium mixtures, random, 1 809, 1815 
Equilin, 1478-1479 
Equistanols, 1396 
Ergine, 1244 
Ergobasine, 1243 
Ergoclavine, 1244 
Ergocristine, 1243 
Ergocristinine, 1243-1244 
Ergometrine, 1243 
Ergometrinine, 1243, 1245 
Eigonovine, 1243, 1245 
Ergosine, 1243, 1245 
Ergosinine, 1243, 1245 
Eiigostadienetriol, 1402 
Ergostane, 1400 
Ergostanetriol, 1402 
Ergostanol, 1392 
EIrgoeterol, 1399-1403 
irradiation products, 1403 
isomerization, 1403 
occurrence, 1399 
ozonization, 1384 
structure proof, 1399-1402 
Ergostetrine, 1243 
Ergot, 1243 

Ergot alkalmds, 1243-1248 
Ergotamine, 1243, 1244 
Ergotaminine, 1243, 1244 
Ei^othioneine, 1157 
Ergotinine, 1!^, 1244 
Ergotoein, 1243 
Ergotoxine, 1243 

Erlemneyer synthesis, phenylalanine, 


Eschweiler reaction, hygrine, 1189 
Es^ bean alkaloids, 1230-1234 
Eserethole, 1231 
Eserine, 1230-1234 
Eseroline, 1231 

Esterification, alcohols by hydrogen 
fluoride, 947 

equilibria and rates, 1044-1046 
mechanism, 1046 
Esters, doubly unsaturated, 697 
hydrogenolysis, 824-825, 827-831 
inorganic, reaction with Grignard 
reagent, 508-510 
of sugars, 1606-1612 
reaction with Grignard reagent, 600, 
502-504, 508-610 

redistribution, 1809-1810 * 

tautomerism of unsaturated, 1041- 
1042 

a,j3-unsaturated, 681-685 
ft-Estradiol, 1468, 1469, 1480, 1508 
/9>E$tradiol, 1480 
Estrane, 1471 
Estrin, see Estrone 
Estriol, 1471-1475 

Estrogenic compounds, synthetic, 1484- 
1485 

Estrogenic hormones, 1469-1487 
assay, 1469 
color reactions, 1471 
content of urines, 1470 
from androgens, 1508 
isolation, 1470-1471 
occurrence, 1469-1470 
physiological relationships, 1486-1487 
principal members, 1472 
structure proof, 1473-1478 
Estrone, 1471-1476, 1478 
from dehydroneoergosterbl, 1476-1478 
Ethers, hydrogenolysis, 822 
optically active, rearrangi»nent, 999 
phenolic, rearrangement, 997, 1023 
17-EthinylandrostenedibL, 1508 
17-Ethinyltestosterone, 1497 
Ethionic acid, 904 
isolation, in nitration, 640 
17-Ethyla2idrostenediol, 1508 
Ethyl chloride, direct fluorination, 9^ 
Ethylene, polymerization, 742-7^ 
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Ethylene diBulfones, deavage by potas- | Fermentation, of sugarsi 1654-1662 
slum cyanide, 916 propionic acid, 1662 

Ethylene oxides, intermediates in rear- xylose, 1662 


rangements, 972 
rearrangement, 1017-1018 
Ethylene oxide sugar ring, 1581 
Ethylene succinate polyester, 716 
Ethylene sulfide polymers, 771 
Ethylenic double bond, 638-643; see also 
Alkenes and Olefins 
conjugation with nitrile, 687 
conjugation with nitro group, 687 
oxi^tion, 634-637 
reduction, 634 
relative reactivity, 683 
Ethylisopropylacetaldehyde, 1384, 1396 
Ethyl p-nitrocinnamate, 176 
Ethylpyrroporphyrm, 1290-1291 
/3-Ethylquinuclidine, 1204 
Eth^ radical, 613-615 
o-Ethyltoluene, 118 
EtiocdKobilianic acid, 1459 
EtioolZocholane, 1499 
Etiooflocholanic acid, 1432 
EtioolZbcholanolones, 1502 
Etiobilianic add, 1361 
fonnation from sarsasapogenin, 1450- 
1460 

selenium dehydrogenation, 1474 
Etiocholane, 1499 
Etiochdanic acid, 1361, 1433 
Etiochdanone, 1361 
Etiocholyl me^yl ketone, 1360-1361 
/9-Eucaine, 1202 
Exaltone^ 105 

Exhaustive methylation, 1172-1173 
Expansion of valence sh^ of sulfur, 885 

F 

Fatty acids, direct fluorination, 946 
Fenton degradation of sugars, 1541 
Fennentation, alcoholic, 165^1660 
butyl aloohd and acetone, 1661-1662 
biityncacid, 1661 
AeekdKieter 

Aedebader 1662 

dtrie add, 1662 
of edlulM^ 1700-1701 


Ferric chloride, structure, 1876 
Fiber formation from linear pdyestera 
712 

Fischer chlorophyll degradation, 1299 
Fischer-Tropsch synthesis of hydrocar- 
bons, 791 
Flavanone, 1336 
Flavianic add, 1143 
Flavone, 1332 
Flavones, 1331-1339 
as dyes, 1331 

degradation, 1334-1335 ^ 

natural occurrence, 1331 V 

properties, 1332-1334 ' 

representative pigments, 1333-1334 
structure, 1331-1332 
synthesis, 1335-1338 
Flavond, 1332 
Flavylium chloride, 1317 
Flavylium salts, 1317 
Fluorides, aliphatic, 944-964 
analysis, 964 
applications, 962 
aromatic, 950 
atomic distances in, 962 
boiling points, 953 
dendty, 951 
dielectric constant, 952 
dipole moment, 952 
freezing points, 955 
histoiy, 945 
parachor, 952 

physidogical properties, 956, 959, 962 
preparation, 945-951 
refraction and dispersion, 952 
thermodynamic properties, 953 
viscosity, j951 

Fluorinating agents, 948-049 
Fluorination, 946-951 
by addition of hydrogen fluoride, 947 
by deoompodtion of a quatomaiy 
ammonium fluoride, 950 
by esterification of an alcohol, 947 
by Biibstitutkm methods* 948 
directr946 

in the benaene ling^ 950 
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Fluorctform, 949, 960, 961 
Follicular hormone, see Estrone 
Follicular hormone hydrate, see Estrid 
FoUicusterone, 1478 
Formaldehyde, polymerization, 767 
Formaldehyde-melamine polymers, 730- 
731 

Fcumaldehyde-urea polymers, 727-730 
Formyl group in chlorophyll, 1309-1311 
Free energy, factors, 1797 
of hydrogenation, 1802 
Free radicals, 581-630; see also entries of 
specific radicals 

addition to unsaturated compounds, 
599 

alkyl, 613-615, 1931 
amphoteric nature, 601 
aryl, 615 

as reaction intermediates, 385, 621-630 
cdor, 584, 586, 587 
detection, 561 
disproportionation, 498 
effect of unsaturation, 594, 610 
electrolysis, 601 
electron affinity, 609 
electronic structure, 585 
electronic theory, 1928-1934 
energy of activation, 592-593, 617 
energy of dissociation, 592-593, 617 
formation, in reaction of Grignard 
reagent and organic halides, 509 
in Wurtz-Fittig reaction, 539-542 
history, 582 
identification, 490 

in Gombeig-ltochmann reaction, 629 
in Grignard reaction, 624 
initiation of pdymerization by, 774 
in oxidation and reduction, 599, 627 
in photochemical reactions, 625, 626 
in rearrangements, 973-988 
in thermal decompositions, 626 
in Wurtz-Fittig reaction, 622-623 
fiquiehi^nistiti of peTOxide catalysis, 775 
optical activity, 383-388 
optical isomerism, 587 
orgaaometafiie types, 567-572 
627-628 

Fanetih technique, 613^14 


Free Radicals, reaction with metallic mir- 
rors, 544 

resonance, 586, 587, 1979-1981 
theories of formation by dissociation, 
593-595 

Free rotation, principle, 228 
Free valences, in rearrangements, 976 
Freezing points, of alkyl fluorides, 965- 
956 

Freon, 946, 949, 969, 961, 963 
FresneFs rhomb, 287 
F'reund reaction, cyclization by, 74-75 
Friedel-Crafts reaction, 179-185, 641 
fluorides in, 963 
mechanism, 553-554 
preparation of suliinic acids, 915 
preparation of sulfones, 875 
preparation of sulfoxides, 871 
preparation of thioamides, 934 
production of polymers by, 738 
Friedlander condensation, 1254 
Fries rearrangement, 998 
effect of chdation in, 1879 
sulfonates, 898 
Fries rule, 156, 160, 166 
d-Fructofuranose, 1602 
Fructose, tautomeric forms, 1686 
d-Fructose, 1636, 1686, 1688 
A^eto-Fructose pentaacetate, 1579 
Fucosterol, 1398 
Fulvenes, preparation, 112 
Functional groups, containing sulfur, 837 
relative reactivity, 601, 504, 548, 653 
Fungisterol, 1399 
Furanohexosides, 1626 
Furanose ring structure, estidilishment, 
1556-1563 

Furtonic acids, 1663^1664 
Fused ring systems, cisArans isomers in, 
238,484-486 
classification, 328 
optical isomerism, 328-336 

G 

Galactose heptaacetatC, 1577 
Galactose pentaacetates, 1553, 1582 
Galacturcmic acid, 1590-1591 
Galipine, 1208-1209 


quiuoid structure, 586-587 
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Galipoidine, 1208 
Galipoline, 1209 
Gallium ecnnpounds, 655, 556 
Gamabufagin, 1452 
Gasolme, sweetening of, 852 
Geneserine, 1234 

Gentiobiose, synthesis, 1602-1603 
Geometrical isomers, rearrangement, 984 
Geometric isomerism, 444-487 
Germanium compounds, 557-558 
optical isomerism, 425 
Girin’s reagent T, 1470, 1511 
Gitogenic acid, 14^, 1467 
Gitogenin, 1459, 1465 
Gitonin, 1456 
Gitoxigenin, 1444-1446 
Glaucine, 1256-1257 
Globin, 1260, 1289 
flHf-Glucopyranose, 1556 
Glucose, from cellulose, 1698 
Haworth formula, 1556 
tautomeric forms, 1585 
d-Glucose, structure development, 1533- 
1535 

synthesis from elements, 1537 
Glucose mercaptal, 1579 
Glucose oxime, 1540, 1580 
oldeAydo-d-Glucose pentaacetate, 1575 
Glucose phenylhydrazone, 1536, 1579 
Glucose-3-phoBphate, 1607 
Glucoside formation, steroids, 1375 
Glucuronic acid, 1587, 1590 
from oxycellulose, 1693 
Glutamic acid, 1115-1118 
Glutamine, 1116-1118 
Glycals, 1628-1631 
isomerization, 1630-1631 
oxidation by perbenzoic acid, 1628- 
1629 

Glyceraldehyde, 1583^1584 
conversion to dihydroxyacetone, 1641 
resolution, 1544 

Glycerol, esterification by phthalic an- 
hydride, 703, 719 

Glycine and derivatives, 1109-1115 
Glycoeyamidine, 1111, 1114 
Giyeocyamine, 1110-1111 
Caycolaldehyde, 1583-1584 
Gtyeoleelltilose, 1690 


Glycols, optically active, rearrangement, 
1015 

rearrangement, 968-972, 976; see also 
Pinacol rearrangement 
Glycol-splitting reagents in sugar stud- 
ies, 1568-1569 
a-Glycosans, 1618-1621 
Glycose, definition, 1551 
Glycoseens, 1623-1628 
Glycosides, 1551, 1572-1575; pee also 
Cardiac glycosides 
Glycuronic acids, 1587, 1590-15 
Glyoxal polymer, 770 
Gnoscopine, 1221 
Gold compounds, 542-544 
Gomberg-Bachmann binary sVstem, 
MgX 2 + Mg, 503, 518; also 
Magnesious halides 

Gomberg-Bachmann reaction, mechan- 
ism, 629 
Gramine, 1228 
Granatanine, 1182 

Grignard reaction, abnormal, 1003, 1879- 
1882 

cyclization by, 93 
mechanism, 625 
rearrangements, 516-517 
Grignard reagents, 495-520; see also 
Mechanism of reactions 
abnormal reactions, 1003, 1879-1882 
1,4-addition to aromatic compounds, 
145 

addition to azomethines, 659 
addition to benzanthrone, 172 
addition to cinnamalacetophenone, 696 
addition to conjugated systems, 506- 
507 

addition to o-cyanocinnamic ester, 691 
addition to doubly unsaturated esters, 
699- 

1,6-addition to fuchsone analogs, 696- 
697 

1,4-addition to pentadieneones, 689 
action to a,jS-unsaturated aldehydes 
and ketones, 672-675 
addition to unsaturated l,4-diketone8, 
695-606 

addition to unsaturated nitro com- 
pounds, 688 
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Grignard reagents, addition to a,/9-unsat- 
urated systems, electronic theory, 
1920 

analysis, 496-497 

bifunctional, polymeric alcohols from, 
737 

carbonation, 505-506 
characterization by isocyanates, 505 
cleavage by active hydrogen com- 
pounds, 499-500 
cleavage by halogens, 500 
cleavage by hydrogen, 498-499 
competitive reactions vdth functional 
groups, 501, 518-519, 553 
coupling by iron halides, 567 
coupling reactions, 508-509 
dissociation, 517-518 
electronic theory, 1885 
equilibria, 497, 503, 512, 514, 517-518 
forced reaction, 674 
formation of free radicals in reactions, 
509 

ionization, 516-517 
mechanism of reactions, 1867 
oxidation, 507-508 
preparation from triarylmethyls, 599 
preparation of sulfinic acids, 915-916 
preparation of sulfoxides, 871 
reactions, with carbon dioxide, 505- 
506 

with carbon disulfide, 505, 931 

with carboii oxysulfide, 931 

with carbonyl compounds, 646-647 

with chlorothioncarbonates, 933 

with esters, 500, 502-504, 508-510 

with inorganic esters, 508-510 

with inorganic halides, 510 

with inorganic salts, 510 

with isocyanates, 505, 1914 

with isothiocyanates, 505, 934, 943 

with keienes, 505, 514- 515, 664, 1914 

with metals, 510 

with nitriles, 504, 661 

with nitrobenzene, 504-505 

with nitro group, 504-505 

with nitrosobeneene, 50^ 

with nitrosyl group, 504 

with non-terminal cumulated un- 


Grignard reagents, reactions, with oxy- 
gen, 507-508 
with sdienium, 508 
with sulfonates, 895-898 
with sulfones, 881 
with sulfonyl halides, 899-900 
with sulfur, 507-508 
with sulfur dioxide, 505 
with tellurium, 508 
with terminal cumulated unsatura- 
tion, 505 

with thiolsulfonates, 909 
with thionylamines, 505 
with unsaturated sulfones, 884-885 
rearrangements, 1003, 1009-1011 
reduction by, 502, 514, 644, 646-647 
ring contraction, of alicyclic oxides, 
512-514 

of chlorohydrins, 513 
use in chlorophyll synthesis, 1313 
Guanidino-acetic acid, 1110 
Guareschi's imide, 84 
Guvacine, 1186 
Guvacoline, 1186 

H 

Halides, aliphatic, redistribution, 1810 
reaction of inorganic with Grignard 
reagent, 510 

Haloacylanilides, rearrangement, 994 
Halochromism, 671 

Halogen acids, addition to dienes and 
enynes, 669-670 

addition to ethylenic linkage, 638-639 
Halogen amides, rearrangement, 977 
Halogenation, iJkanes, 32, 34-36 
alkenes, 40, 43 
alkynes, 46 

aromatic compounds, 179-185 
catal 3 rtic, 34, 40 
mechanism, 33-39, 41, 46 
naphthols, 151-152 
photo-, 35-36, 43, 46 
sulfonamides, 901—902 
thermal, 32 

Halogen compounds, catalytic reduction 
808-809 

hydrogenolysis, table c^, 808 


saturation. 505 
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Halpg^-metal interoQnvBnsion Actions, 
538 - 1^39 

Halogens, addition to alkadienes, 44 
addition to alkeim, 38, 43 
addition to conjugated systems, 1001 
addition to dienes, 669 
addition to ethylenic linkage, 637-638 
addition to unsaturated l,4-diketone6, 
695 

reaction with organic sulfides, 858 
Hammarsten reaction, 1418 
Hannala alkaloids, 1228-1230 
Hannaline, 1228, 1230 
JBEaituialol, 1228 
Harman, 1229 
Hannine, 1228, 1230 
Hmminic acid, 1228 
Haworth cdlobiose formula, 1697; 1712 
Haworth glucose formula, 1556 
Heat, of activation, hexaarylethanes, 593 
of combustion, calculation, 1798-1799 
constants for calculation, 1799 
of dissociation, hexaarylethanes, 592- 
593 

of formation of unsaturated hydro- 
carbons, 1797-1798 
of hydrogenation, 1039-1040 
benzene, 1918 
dienes, 1918 

hydrocarbons, 1801-1802 
olefins, 1918 
of reaction, 1796 

of vapcnization, relation to entropy, 
1795-1796 

Hdl-Volhard-Zdinsky reaction, sulfbnyl 
chlorides, 900 
Hematinic acid, 1262, 1266 
Hematoporphyrin, 1280, 1283 
Heme, 1260 

Hemiacetals from aldehydes, 653 
Hemin, chromic acid oxidation, 1262 
deavage by hydrogen iodide, 1263 
degradation, 1261-1263 
products of addio deavage, 1266 
products of bade deavage, 1264-1266 
pyroiyds, 1280 
tidation to chlorc^yll, 1814 
daractaral formiila, 1261, 1284 
(rtructure, 1284-1286 

Vdmtiel, pages 1-1077; 


I Hemin, syntheds, 1279-1284 
Hemipinic acid, 1212, 1215 
Hemlock alkaloids, 1178-1180 
Hemoglobin, 1260, 1289 
relation to organometallic compounds 
578 

Hemopyrrole, 1263, 1265 
Hemopyrrole-carboxylic acid, 1263 
Heparin, 1609 

Heptanose ring structure, 1582-1583 
Heroin, 1222 

Hesperidin, 1336 footnote 
Heterocyclic comi>ounds, cU-iran^ isom- 
erism, 483-484 
resonance, 1974-1975 
structures of aromatic, 127 
Hetero-enoid systems, 1909-1910 \ 

Heteropolymer, definition, 705 
example, 757 

Hexaarylethanes, degree of dissociation, 
587-593 

effect of alkyl groups, 591 
effect of dectroncgativities of groups, 
593 

effect of resonance, 594 
effect of solvent, 589 
effect of steric hindrance, 593, 594 
effect of substituents, 590 
effect of temperature, 589 
methods, 588-589 

Hexaaryltetrazanes, dissociation, 617- 
618 

Hexachloroethane, reaction with anti- 
mony fluoride, 949 

Hexamethylbenzene, x-ray analysis, 123 
Hexamethylenetetramine, reaction with 
hydrogen sulfide, 925 
Hexaphenylethane, dissociation, 584 
heat of dissociation, 592 
Hexene, properties, effect of chain 
brancifing, ITTA 
Hexestrol, 1485 
Hexuronic add, 1638-1634 
High-diluticm luindple of Rug^, 707, 
710 

Hinsberg test, 898-899, 900-901 
Hippulin, 1478 
Hippuric add, 1110 
ccmdensation with bemmldehyde; 1107 
Volume n, pages iOTt-ltSS. 
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Hinttttidin, 1818-1810 
Hiwtaminft, 1156 
HiBtidioe, 1151-1158 
Hofmann degradation, 1172-1173 
Hofmann rearrangement, 077-980, 989, 
1004, 1008, 1013, 1014, 1022 
Homatropine, 1196 
Homocaronio acid, synthesis, 95 
Homocystine, 1137-1138 
Homohygiimc acid, 1189 
Homoisopilqpic acid, 1249 
Homosteroids, 1528-1528 
Hordenine, 1210 

Hormones, see under individual dosses 
Hudson lactone rule, 1552-1553 
Hudson rule, for designating a,5-i8omera, 
1550 

of isorotation, 1551-1552 
Hy-car synthetic rubber, 760 
Hydantoic acids, 1095 
Hydantoins, 1094, 1106, 1108, 1114 
Hydramine fission, 1205 
Hydrastal, 1213 
Hydrastic acid, 1213 
Hydrastine, 1211 
Hydrastinine, 1211-1214 
Hydrastis alkaloids, 1211-1216 
Hydration, alkenes, 61 
Hydraside rule of Levene and Hudson, 
1553 

Hydraaine, addition to unsaturated 
aldehydes and ketones, 678 
Hydrazobenzene, rearrangement, 976 
Hydrazo compounds, catalytic reduction, 
814 

Hydrazones, catalytic reduction, 812 
table of, 813 
fonnation, 652 
reactions, 660 

Hydrides, metalHe, 492, 524, 577 
organometallic, 558 
Hydrindenes, ring enlargement, 1353 
a-Hsrdrindone, 140 
Hydroaromatic compounds, 66 
Hydfobenzoin, rearrangement, 970, 
976 

Hydrctierberine, 1215 
Hydrocarbons, alieyolic, 65-116 


Hydrocarbons, aromatic, coupline^ 199 
from sulfonic acids, 892 
structure and reactions, 117-213 
direct fiuorination, 946 
polymeric, 736-737 
Hydrocellulose, 1694-1696 
Hydrochloric acid number, chlorophyll 
derivatives, 1295 
Hydrocinchonidine, 1207 
Hydrocinchonine, 1207 
Hydrocotamine, 1213, 1220 
Hydrofiuoric acid in diazotizations, 950 
Hydrogen, acidic, 533-538 
active, 533-538 
addition, see Reduction 
1,6-^dition, 693, 697 
2-covalent, chelation, 1869 
examples, 1830-1831 
electroaffinity, 1830-1831 
Hydrogenation, see Reduction 
apparatus, 781-782 
aromatic compounds, 73-74 
catalysts for, 783-789 
catalytic, 634, 779-834, 1466 footnote 
1483 

definition, 780 
heat of, 1039-1040 
methods, 780-783 
role of catalyst in, 790-797 
with sodium and ethanol, 1466 foot- 
note 

Hydrogen bond, 1836 
detection by riectron diffraction, 1770 
in amine hydrates, 1836 
Hydrogen chloride, addition to qui- 
nones, 691-692 

Hydrogen cyanide, addition to azometh- 
ines, 659 

addition to carbonyl compounds, 646 
addition to quinones, 692 
addition to unsaturated alddiydes and 
ketones, 678 

addition to unsaturated estm, 682 
rate of reaction with aldehydes and 
ketones, 1036-1038 

Hydrogen fluoride, addition reactions^ 
947-948 

Hydrogen halides, addition to alk e o e % 
39-43 


alipbi^ xeaoticms, 1-64 

Vtinms I, l-lOH} Vohtme U, 
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Hydrogen halides, addition to alkynes, 47 
Hydrogen iodide, cleavage of hemin, 1263 
degradation of chlorophyll, 1299-1301 
Hydrogendysis, 820-833 
acetals, 822-^23 
add anhydrides, 823 
alcohols, 820-821 
amides to amines, 831-833 
carbon-carbon linkages, 825-827 
definition, 780 
esters, 824^825, 827-831 
ethers, 822 

halogen compounds, 808-809 
imides, 824 
lactones, 824-825 
organometallic compounds, 833 
oximes, 811 

Hydrogen peroxide, action on unsat- 
urated carbonyl compounds, 676 
Hydrogen sulfide, addition to ethylenic 
linkage, 641 

addition to olefins, 842-843 
catalytic alkylation, 842 
reaction with aldehydes and ketones, 
924-925 

Hydrohydrastinine, 1212 
Hydrolysis, cellulose, 1668, 1694 
lactones, rate stupes, 1565-1567 
sulfenyl halides, 921-922 
sulfonamides, 90(1-901 
thioesters, 8^ 

Hydroquinidine, 1206, 1207 
Hydroquinine, 1206, 1207 
Hydroxamic acids, rearrangement, 977, 
980 

•-Hydroxyacetophenones, chelation, 140 
Hydroxy acids, polyesters from, 707-714 
309)-HydroxyaU^cholanic acid, 1385 
17(a)-Hydroxyandro8tane, 1515 
S-Hydroxycholanio.. acid, see Lithocholic 
acid 

d-Hydroxycholenic acid, 1424 
9-Hydroxycodelne, 1224 
Hydroxyeth^dcdluJoee, 1690 
3-Hydroxyflavone, 1332 
Hydro^on^utamic acid, 1124-1125 
5-Hydroxyhydrindene, 137 
Hydrosiqirlaimne, addition to nnsaturated 
aldehydes and ketones, 678 


Hydroxylami^, rearrangements, 978 
Hydroxylation, steroids with osmium 
tetroxide, 1479, 1517, 1522 
Hydroxylation ^eory, 56, 60 
Hydroxyl group, increase in acid strength 
in fluorides, 961 
Hydroxylysine, 1141 
5-Hydraxy-6-methylhydrlndene, 138 
1709)-Hydroxyprogesterone, 1523-1524, 
1525 

Hydroxyproline, 1125-1126 
3-Hydroxypyrene, 173 
17-Hydroxy8teroids, 1377 
7-Hydroxysterols, 1386 
Hygric acid, methyl ester, 112(1 
Hygrine, 1188-1189, 1256 
Hygrine alkaloids, 1188-1190 \ 
Hygrinic acid, 1188-1189 
Hyodesoxycholic acid, a-, 1346, 1350, 
1414, 1415 

chromic acid oxidation, 1420 
/9-, 1414, 1415 
Hyoscine, 1197 
Hyoscyamine, 1194 
Hypaphorine, 1164, 1227 
Hypobromous acid, addition to ethylenic 
linkage, 640 

H 3 rpochlorous acid, addition to ethylenic 
linkage, 640 

addition to unsaturated acids, 683-684 
Hypohalites, reaction with carbonyl 
compounds, 654-655 
Hypohalogen acids, addition to ethylenic 
linkage, 640 


Imides, hydrogenolysis, 824 
Indene polymer, 7^ 

Indican, 1161-1162 
IndiunTbompounds, 555 
Indole, 1161 

Indole derivatives, rearrangement, 974 
Indoxyl, 1161 

Induced displacements, 1842 
Inductive effects, 1842-1845 
in benzene ring, 1029 
Inductomeric polarizability, 1849-1860 
Inert gases, etwtronic configuration, 1825 


Vcltmie 1, pages l-i077; Volume n, pages 1079-1988. 
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Infra-red abscnption spect^, 1778-1783 
detection of dielation by, 1778-1783, 
1866 " 

Inhibition of polymerization, 773 
InositdL, optical isomerism, 336-337 
Interatomic distances, 1767, 1771 
Intereonversion, of organometallic com* 
pounds, 555, 563, 572-576 
of syn* and onfi-oximes, 472 
Int^aeial tension, 1740 
Internal pressure, 1738 
Inulin as polyaoetal, 734 
Iodine, 2-oovalent, 1840 
8-covalent, 1840 

Iodine monobromide, addition to ethyl- 
enic linkage, 638 

Iodine monochloride, addition to ethyl- 
enic linkage, ^8 
lodomagnesium pinacolates, 613 
Ion-dipole bond, 1949 
Ionic bond, 1825-1827, 1834-1837, 1949 
Ionic mechanism of polymerization, 776 
Ionic reactions, 1864-1865 
lonizaticHi of organometallic compounds, 
516, 517, 575 

Ionization potentials of metallic atoms, 
532 

and relative reactivities of organ- 
ometallic compounds, 532-533 
Ions, crystal radii, 1888 
in rearrangements, 968-1004 
Iron compounds, 566-567 
Ir<xi-porphyrin complexes, 1260 
Isatropyloocaine, 1202 
Isethionic add, 904 
IsoolZe^regnimolmie, 1493 
Isoamylaniline hydrobromide, rearrange- 
ment, 996 

Isoandrostmone, 1504, 1506, 1517 
Isobomyl chloride, from cami^ene hy- 
drochloride, 991 
Isbbufochotlanic acid, 1451 
Isobutylene, pdymerization, 743 


Isocyanates, reaction with Giignard ler 
agent, 505, 1914 

Isocyanides, dectronic thecwy d addition 
to, 1907-1908 
Isodehydrocholesterol, 1386 
Isodesoxycortioosterone, 1524 
Isodihydroxycholenic add, 1417 
Isodurene, 199 

Isodectric point of amino 1087 

Isoequilenin, 1476 

Isoequilin, 1479 

Isoestradid, 1479 

Isoflavones, 1338-1339 

Isogltical, 1630 

Isoglutamine, 1117 

Isohexyl methyl ketone from dihydro- 
cholesterol, 1384 
Isolithobilianic acid, 1361, 1362 
thermal decomposition, 1369-1370 
Isolithocholic acid, 1414 
Isolysergic add, 1246-1247 
Isomerism, ds^trans, 219 
configurational, monosaccharides^ 
1535-1545, 1570-1572 
geometrical, 219 
optical, 219-443 
stereo-, 219 

steroid group, 1367-1379 
structure, 218 
types, 218 

Isomerization, alkadienes, 6-7 
alkanes, 2-3 
alkapolyenes, 8 
alkenes, 4-5 
alkyl fluorides, 957 
alkynes, 8-9 
catdytic, 2-6, 8, 9 
ergoeterol, 1403 
^ycals, 1630-1631 
in vapor phase, 997 
medianism, 6, 7-8 
sugars, 1638-1662 
thermal, 4, 9 
Isomers, cha^, 218 


LmeilolnoM, 1698 
[socoeamine, 1202 
[socodeiiie, 1222, 1223 
tsoeyanates, 665 
addition to, 665 
mmmi&m effects in, 1913 


cMranSt 444 
classification, 218-219 
oompaiison d phydeal prcqierilcS; 
1723-13^ 

cycUc ccxnpQunds, 815-636, 477+486 


Vdame 1, pages l-i077; Vciiime n, pages 1079*4988. 
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Imiim, d«Gii£tkm, 218 
functkmal groups 212 
geoBMtrixMil, 414 

in sugans, designatkHii, 15S0 
niideus, 218 

c^tical, freezing points^ 242-460 
{n^qperiieB, 227-228 
rotation, 290-804 
solubility, 251-268 
position, 219 
tautomers, 219 
Isomorphines, 1222 
Isoniootinic add, 1228 
Isopelletieiine, 1184 
Isoperiplogenic acid, 1438 
Isc^oearpidine, 12^ 

Isopilocarpine, 1242-1250 
Isqpilopic add, 1249 
Iso-A^^prognendone, 1508 
Isoprogesterone, 1424, 1508 
Isopropylaoetalddiyde, 1892 
Lsopyrovitamin D<i, 1410 
/l-Isoquinine, 1206 
Isoqutnoline^ 153 

Isorotation, Hudson rule of, 1551- 
1552 

Isosaccharinio adds, 1646 
Isosapogenins, 1462-1463 
IsosansasqMgenin, 1464 
o-lsostrophanthic add, 1436, 1437 
o-IsostFophanthidic aeid, 14^, 1437 
reduction, 1438 
/l»Imtrophfuxtiiidio add, 1438 
Isostropbantliidin, 1486 
Isothiocyanates, ^ 
reaction with Grignaid leaieiit, 5M 
liM4liio<qranic acu^ 230 
Iditlikmconiiim salt^ 841 


J 


1246-1250 


E 


J ■ 

SkAa^^oimda for benaene, 121, 184 
7«4 


SMafe liM aeetylei^ 


EdxsifMs, eatalyfle leduction, 813 
tableol,818 
Eebmes, 663-605 
mesOTQieiio eHects in, 1213 
polymerisation, 664 
reaction with Qrignard reagent, 506i 
514-515, 1914 
Ketimines, 658-662, 661 
catalytic reduction, 812 
12-KetochQlanio ad^ from j didic or 
desoxychdio aeid, 1354{ 
from reduction of dehy 
acid, 1363, 1364 
S-Ketocoprostane, 1371 
^Ketoestera, endisatiQn,1041 
17-Ketoe8trogenB, hydrogenaticM^ 1480 



ibeto-Fructose pentaaoetate, 1572 
Ketohexoses, 1533 
Ketones, acet^due, 672 footnote 
addition of oiganometallic ccnnpounds, 
500 


catalytic reduction, 805-807 
cydoalkanones, 10^107 
hydrogenation, table of, 806 * 
optically active, from rearrangements, 
1015 


oxidation, 655-657 

rates of semicarbasone formation, 
1049-1052 

reaction with Iqrdrogen eymtude^ 1037- 
1038 

reaction with meroaptans, 842 
reduction, 643-644, 805-607 
a,^-un8atttrated, 672-661 
Ketonisation of phenols, 120 
Ketoses, 1586-1587, 1588-1582 
Ketose synthads la o l o gieal method, 
1587 

7-KiBtosterol8, 1386 

Ketoxtiies, Beokmaim rsanaegement, 
1025 

apiHRtd fmns, 465 
I&rtyb, metal, 612-618 
Khaitasoh theory, edehtlaii 61 i^dmgSA 
fluoiiile, 248 

KlKani eyanohy^fai leae^MHi, 1588 
Smetie stadia^ cM^am isomeeir 
468 

fMidaibiilioin mcilidis^ 161%^^ 
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S&wdijli^oaiieyx^^ 1639 

Koenigs end Koocr Meotion. 1675 
acid, 1624 

Kolbe qnotiiesis, 201 
meduuDism, 1882 
Ki^miXHphjrrins, 1289 
Koroseal, 754, 760 
KOTrtopywole, 1283, 1265-1268 
Ki3T)topym»le-earb<»?ylio add, 1263 
Kymiranio add, 1160-1162 
KTwmninet 1160-1161 

L 


■idl’ 

T.. woMOB, 1391 , 

“wwmann waotiQo, 1418, 1449 
14(m droolarijrpolajued, 285-387 
numodiromatic, 282 

nature of, 281-282 

282-384 

ulUgenin, 1466 

polyadnes, 736 
polyestore, 710-718 

liquid anunonia reactions, of 

metals to olefins, 529, 546 
*^*®"yte®™M>ium and sodium, 569 
dectrolysis of mganomeratiry 
568 

metalation, 687 


Lactam fonnatiQi^ 1013 
I^tio add, optical isomerism, 225 
Lactoflavio, 1617 
Laotol, definitioii, 1557 
Lactone rule of optical rotati<nL 1662- 
1553 

Lactones, hydrogendyBis, 824-^ 
T^and in sugar series, 1563-1568 

mtee of hydrolysis, 156&-1667 
reducticm, 1539 

Lactone studies in sugais, 1563-1568 
Lactanisation of aldomc acids, 1538 
Lactose, 1593 

Ladmibuig formula for benaene, 122 
LagodescHQ^eholio acids, 1414, 1424 
Lanosterol, 1392 
r^mthanuin compounds, 554 
Laudanine, 1219 
Laudanldtne^ 1219 
Laudanosine^ 1219, 1256-1257 
Lead eoa^pcundi^ see Otgaaalead com- 
pounds 

Lead tetraacetate, oaidation of sugars, 
1569 

Legel'e test, 148^ 1445, 14tt 
L spidine, 1208 
LetlHmek«t2 

TmweiipilihniyimMins, 1880 


wsanoto lialides and sodium, 669, 

lithium ccnupounds, sm Oiganolitliium 
compounds 

lithobilianio acid, 1361, 1362 
thermal decomposition, 1369-1376 
Lithochdic acid, 1346, 1414, 1416 
degradation, 1361-1363 
formation from cptboprostetd, 1414 
Lobelanine, 1256 



Loiponic add, 1204 
Lophophorine, 1210 

Lossen rearrangement, 977-980. 1004. 

1013, 1022 
Loturine, 1229 
Ludte, 752 

Lumisterd, 1298, 1403-4404 
Lysergic acid, 1245-1247 
Lydne, 1138-1141 
Lysuiic add, 1140 


M 


Magnedous haiides^ S9C^ 6i8; ess ^ 
Biaaiy system 

T , .X. Magnesium oanqmuadq, sss Gilgnidd 

Lssc lonii, defoiticm, 225 leagunts m • . , 'i'V 

from oelhdoset, 1699-1700 Megnetie etitenan for bond M86- 
, ^y n yaie to oBi, 1622 * 195S 

l*ynlfeaie add, iae nh e a iiP! i o( formation, Masnetfa aamiisiiit. 

I MahuiUBg, 1176 

Taget liMTTi 
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Mateio add from oxidation of benxene, 
133 

Mateic anhydride, adducts with steroids, 
1395, 1400, 1408 
polymer with styrene, 757 
Malonio ester, 1,4-, 1,6-, and 1,8-addi- 
ticm of, 606 

addition to a,i8-unsaturated carbonyl 
compounds, 679 

Maltose, detemdnation of structure, 
1596-1598 

Malvidin, 1318^1319 
Manganese compounds, 566 
Marinobufagin, 1449 
MarkownikofiF rule, 63S-639, 657 
addition of hydrogen fluoride, 947, 957 
addition of sulfur compounds to ole- 
fins, 851-852 

applied to cyclopropane, 102 
Masurium compounds, 566 
Mechanism of reactions, 1,4-addition, 
1881 

addition of Grignard reagent to 
unsaturated carbonyl compounds, 
672-673 

addition polymerization, 771-778 
alcoholic fermentation, 1654-1660 
alk^tion of alkanes, 21-24 
aromatic substitution, 174-213 
bromination, addition-dimination 
mechanism, 179-182 
Cannizzaro reaction, 630 
coupling, additiopr-elimination mech- 
anism, 196 

dehydroeydization of alkanes, 31 
dehydrogenation of alkanes, 27 
esterification, 1044-1046 
fenomitatlon, alcohdic, 1654-1660 
fonnatioii of cdlulose xanthate, 1684- 
1685 

fomndation of, 1860-1868 
liea^adical concept, 621-630 
Friedel-Ckaltsiea^ 17^85, 553- 

m 

reaetioiii 629 
CMgea^iwaeri 1867 
^ 625 

m and aeid ddorides, 

;m^ 


Mechaninn of reaerions, Grignard re> 
agent, and alkyl sukonates, 509. 
and estens, 502-504 
and ketenes, 514-515 
halogenation .of alijdiatic hydrocar- 
bons, 33-39, 41, 46 

isomerization of aliphatic hydrocaN 
bons, 6, 7-8 

Isomerizations and degradations d 
sugars, 1638-1662 
Kdbe synthesis, 1882 
levulinic acid, formation, 163^1639 
methox 3 rmethylfurfural, formation, 
1639 \ 

muscle metabolism, 1660 \ 

nitration, of aliphatic hydrowbons, 
49, 51, 53 

of benzene, addition-elimination 
mechanism, 175 
osazones, formation, 1536 
oxidation, 56-57, 1858 
and reduction, 627-628 
of free radicals, 1863 
poljmerization, 11-12, 16, 771-778 
of formaldehyde, 767-768 
rearrangements, see Rearrangements 
redistribution reaction, 1818-1820 
reduction, 1858 
bimoletmlar, 643-644 
of define by metals, 529 
Reformatsky reaction, 548 
Reimer-Tiemann reaction, 1882 
ring contraction by Grignard reagent 
512-n514 

thermal decompositions, 626-627 
Walden inversion, 269-281 
Wurtz-Httig reaction, 539-542, 623 
Meconin, 1212, 1220 
Meconinm acid, 1212 
Meerwdh-Pmmdorf method, 1390, 1466 
footnote 
Melamacy 731 
Mdamine, 780 

Mdanune^onaalddqrde pdyiiMt, 780* 
731 

Mehiiin, 1128 
Mdibiose, 1598 
Mdriog txxntt, 1727-1782 
aHmatioiiii, 1728-1780 


VUttiM 1, figis 1*4097; 
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Melting pointa, oalenlaticm, 1731 
CKsnttlatlbirWlthBtnietu^ 1727 
effect of halogen substituentB, 1730- 
1731 

Melville, mdecular sandwiches, 758 
Menthol, 70-71 
Mercaptals, 849 
of sugars, 1562, 1575 
Mercaptans, 839-844, 846-852; see also 
' Sulfhydiyl compounds 
addition to olefins, 850-851 
preparation, 841-844 
by addition of hydrogen sulfide to 
olefins, 842 

by alkylation of metal hydrosulfides, 
841-842 

by catalytic alkylation of hydrogen 
sulfide, 842 

by hydrolysis of S-alkylthiouronium 
salts, 841 

by hydrolysis of thioesteis, 843 
by reduction of disulfides, 843 
reactions, 846-852 
with aldehydes and ketones, 849 
with alkali, 846 
with carboxylic acids, 848-849 
with heavy metal salts, 846-847 
with nitriles, 851 

with organometallic compounds, 852 
with oxidizing agents, 851-852 
with a,i9-unsaturated carbonyl com- 
pounds, 850 
sdid derivatives, 895 
tests for, 852 
Meroaptides, 846-847 
reaction with alkylating agents, 854- 
856 

Mercaptols, 849 
Mercapturic acids, 1135 
Meroerization of odlulose^ 1669, 1672 
Mercnirials, aromatic, from sulfinic acids, 
918 

Mercuric acetate, methoxy-, addition to 
etl^denio linkage, 642 
Mercury compounds, see Oiganomercuiy 
compounds 
Meroquinene, 1204 
Merthiolate^ 847 


Mescaline^ 1210 
Mesitylene, 132, 199 
Mesom^c effects, 1848 
aliphatic diazo compounds, 1913 
azides, 1914 
isocyanates, 1913 
ketenee, 1913 

Mesomeric pdarization, 1847-1848 
Mesopoiphyiins, 1262, 1279 
Metahemipimc acid, 1217 
Metalation, 533-538 
Metalddiyde, 654 

Metal-halogen interconversion reactL<»is, 
538-539 

Metal halyls, 641 
Metal ketyls, 612-613, 1932 
Metallic atoms, ionization potentiak, 532 
Metallic bond, 1948 
Metallic hydrides, 492, 524, 577 
Metals, interchange in organometallic 
compounds, 546 

reaction with Grignard reagent, 510 
Metasaccharinic acids, 1646 
Metathetical reactions, equilibria, 1807- 
1808 

Metdoidine, 1198 

Methene syntheses, anomalous, 1284- 
1286 

Methionic acid, 904 
Methionine, 1136-1138 
Methoxyindenes, 135 
Methoxymethylfurfural, medbanism 
formation, 1639 

Methylaniline, rearrangement, 188, 976 
Methylation of glycosides, 1554 
Mediyldiolaathr^e» formation, 1354 
1355 

1-Methylohzysene from neopregncno* 
lone, 1526 

Methylconhydrinone, 1179-1180 
N-Methylconiine, 1189 
Methylene radical, 616 
Methyleplmdrme, 1176 
l-Meth^lestradiol, 1508 
Methylethylmaldmide, 1263, 1265 
Mkthyl fiuoride, 948 
tf-MethykH^coskte, 1546 ' 
/^Methyl^li^UDOsIde^ 1^ 
r^ldethyigLuGaBide^ pirepseraticui 1562 


Mesesl alkaldda, 1209-1211 

voiwMi, mw i>t077iVofaui»a,Mw 
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add from dasoiyaliotio 

add, 1366 

liilet&34giMataiuiifl^ 1162 
N-Me^3%ranat<Hiiiie, 1181 
MethylisopeUaUeriiie, 1184 
Metliyliso|irop^iao^ 1S84» 

1401 

Meth^Aisoqumaliiie, 163 
Metbyl methaerylate, copolymer mUi 
butadiene, 757 
750-753 

Methylmorphenol, 1221-1222 
M6thy]iiK>r|duinethin^ 1223-^1224 
Methyimorphol, 1222 
l-Methyl-2-naphthol, 152 
4»Metl^l - Di^ t bd, 148 
Methyloses, 1632-16^ 
Methyipeeudo^hedrine^ 1176 
MetM radical, 613-615 
Methyl rubber B, 764 
Meth^ sulfate, meth^dation of sugars by, 
1554, 1594 

Methyl vinyl ketone polymo*, 756 
Meyer and Maik, x-ray structure of 
ceOuloBe, 1712-1713 

Meyerhof and Kiessling mechanism of 
alcdiolic fenoentatioD, 1657-1660 
Meyer readicHi, 558 

Michael leectioii, 87, 92; 102, 679-680; 
681-682 

l,4s-additioii in, 696 
1,6-additlon In, 699 
sulfoneB, 882 

MioroBtitiotoa of cellulose^ 1716-1718 
Inma-ltfigraticni, 1026-1027 
Bd^ti^ aptatud^ 1067-1068 
maeamuigeaieitts, 909, 978, 1030-1031 
Migratiosi of sufadatoeiits in sugar 
1611-4812 

IStb^iaoB clfoet, 188--140 
Mitto^oaKe niatioBdd^ 

.229 

bBe 1821- 

' ' ■ 

wiirfAMMii. tssoDanoe* 

' ' " im ’ ' ' " 


Mdeeular lefrac&ai, 1751-1753 
effect of eoniugatioEi, 1752 
effect of i^dic stnieture^ 1752 
effect of unsaturation, 1751 
exaltadtw, 1751-1752 
factors for calculating, 1751 
Mdeeular rotation, 285 
sterols, 1378 

Mdeeular sandwiches of Mdvipe, 758 
Mdeeular volume, 1743 j 
Mdeoules, asymmetric, 221 I 
Mdybdenum compounds, 564 \ 

Moment of momentum, 1026 \ 
Monoacetoneg^ucoee, establislMpaient of 
structure^ 1557-1559 \ 

MonoaoetoneglucoBe-5, 6-carbonate, es- 
tablishment of structure, 1559 
MonohydroaiyBapQgenins, 1464 
MonoBiusoharideB, dassifioation, 1533 
configurational isomerism, 1535-1545 
definition, 1533 

Monosulfones, reactions, 877-879 
Morphine, 1221, 1227 
Moifdaothebaine, 1225 
Muocmio acid, 133 
reduction, 144 
Mueqproteins, 1609 
Multiple bonds, 1900-1907 
resonanoev 1958-1959 
Musde metabolism, machanism^ 1660 
Muscone, 105 
Mustard gas, 856, 86Q-86I 
Mustard oSs, 943 
Mutarotarion, 805-307 
akkhydo-mgi» acetates, 1576-4577 
eonfiguimtkmal dianges, 306-807 
d sugars, interpretation, 1546-1547 
kineties, 1547-1548 
mecltanism, 1548-1549 
reveisfiipKy, 967 
stroetaid dii^^ 306607 
Mycedierds, 1398-1411 
Mymaiii^ 1193 

N 

Ki^hiiiiaoeiiB^ 169 


w aassaagemeitta; see Bear- Naphtfiacaneq^a^ 171 
moguuBdBB * 1 
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FElsdcM3Mfti mntiQB, 162 
rod^iet^ t4S 
Btrufitinv^ 1971-^1073 
thermoclifimioal data, 167 
Naphthenes, 70 
«t-Naphthol, 145*-147 
^-Ni^thd, 133, 146, 148 
Naphthol carboxylic acids, 201 
Naphtholi^ cotqding, 148, 154 
etherification, 149 
halciS^Bnatioii, 151, 152 
cv-Naphthoquinone, 159 
5-Naphthoqiiinone, 158, 159 
1,4-Naphthoqumone, IM 
Naphthoylbensoic acid, 156 
/3-Naphthyl allyl ether, 149 
o-Naphthylamine, 146 
/9^N(q>hthylaxnme, 146, 148, 149 
Nareotine^ 1220-1221 
Negative groups, activating effect, 632 
Neoaisphenamine, 919 
Neoergostorol, 1401-1402 
molecular rotation, 1378-1379 
Neopentane, chlorination, 1008 
Neopentylamine, rearrangement, 967, 
1007 

Neopentyl chlcnide^ preparation, 1008- 
1009 

Nec^mtyl group, rearrangement, 1007 
Neofnne, 1226 
Necqprene, 760 
Neoprogesterone^ 1497, 1526 
NeoBBlvarsaD, 919 
Neorigogenin, 1464 
Neriant^tciiin, 1447 
Nettiiig agents, 750 
Netting effect, 750 
Neutralised rystems, 1910-1911 
Nk6cel, Banay, preparatioii, 788 
Nickel catalyst, pr^peoraticn^ 787-788 
Nickel ooii!q>ound8, optical isomerism, 
440 

Niedpri^ 283-285 
inboMxie^ 1128 

Nlix»tjmine, 1193 

U9(Him 

Nmtlnio add, 1185, lim 
Nicdyxma, 1191-1192 
N&ij^dribmaetj^ 1999^ 1169 

Veii^ 1, pagii 3r>197T| 


Niiogenm, 1464 

Nitration, addition^eliidiiade^ tneeha* 
niam, 175 
alkanes, 48-51 
alkanes, 51-53, 175-^178 
alkynes, 53 
anthracene, 176 
aromatic compound^ 175-176 
catalytic, 51, 52 
dectrochemical, 53 
liquid phase, 50 
mechanism, 49, 51, 53 
monoBubstituted bensenes, 1029 
vapor phase, 48-49 
Nitric acid, addition to alkenes, 51 
addition to ethylenic linkage, 639-640 
Nitriles, 660-661 

addition of hydrogen sulfide, 933-934 
catalytic reduction, 809-810 
conjugation vdth ethylenic linkage, 687 
dectronic theory oi addition to, 1 W 
hydrolysis, 660 

intermolecular addition under inflth 
ence of mganometaliio com- 
pounds, 661 

reactions, with Grignard reagent, 504, 
661 

with mercaptans and thbphenols, 
851 

reduction, 661, 809-810 
table d, 810 

tautomerism of unsatumted, lOdl*- 
1043 

a,/3-unsaturated, 687-688 
1-Nitroanthraoene, 168 
9-Nitroanthraoene, 176 
Nitrobensene, reactkm with Grignard 
reagaQ.t, 504 

Nitrocellulose, 1677-1679 
Nitro compounds, oatslytie rednetioni 
815-817 

oprical activity, 388892 
reduotioii; td^ of y 816 

KjtfodaSbiydTm^ 175 
/3-Nitroethyl alcohoir 176 
i3-!^troel^ nttrato, 175 
Nihrogen comtpoiilMlB!, optidei 
^1-419 
VohifitelZi fM«ea IMMm 
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Nitrogen oompounds, p6ntaa]kyl,529-^ 
trivalent^ optical isomerism, 401^18 
Nitrogen oxidei^ addition to alkenee, 52 
addition to dienes, 670 
Nitrogen tetroxide, addition to ethylenic 
linkage, 642 

Nitrogen trioxide, addition to ethylenic 
linkage, 642 

Nitro group, addition of alkoxides, 662 
conjugation with ethylenic linkage, 687 
reaction with Grignard reagent, 504- 
505 

reduction, 661-662 
Nitrosation, 191 

Nitrosobensene, reaction with Grignard 
reagent, 504 

Nitrosyl chloride, addition to ethylenic 
linkage, 642 

Nitrof^l group, reaction with Grignard 
reagent, 504 
Norarecaidine, 1186 
Norarecoline, 1186 
Noratropine, 1198 
Norcamphor, synthesis, 77 
Norcaradiene carboxylic acid ester, 134 
Norephedrine, 1176 
Norequilenm, 1481 
Norestrane derivatives, 1481-1484 
Norestrcme, 1481 
Norharman, 1234-1285 
Norhydrastinine, 1213 
NorhyoBoyamine, 1198 
Nonnal addition, hydrogen sulfide to 
olefins, 842 

sulfur c(»npound8 to olefins, 851 
Nonnal sugars, 1555 
Nmnann compound, 1674 
Nomiootine, 1198 
Noroxyhydrastinine^ 1215 
Noipintc acid, lynthesk, 84-85 
Norpseudoqpliedrine, 1176 
Nortr^^pine, 1198 

Notation, eonfiguratumal, 304-806 
in sugan^ 1550-1551 
isoBieris^ 

1548 

12d 


Nuclear diaxge, effective, 1825 
Nucleophiles, 1859 
Nullpunktav^ume, 1741-1748 
Nylons, 7!^ 


Octahedral elements, 222 
optical iscanerism, 434^438 
Octahydroestrone, 1499 I 

Octamethylporphyrin, 1272 , 1273 
n-Octane derivatives, physical constants. 

1723 ' 

Octopine, 1148 
Odd molecules, 1928 
Oleandrin, 1446 

Olefins, see also Alkenes and Ethylenic 
double bond 

addition of hydrogen sulfide, 842-843 
addition of hypohalous acids, 1925 
addition of mercaptans and thiophe- 
nols, 850-851 
addition of metals, 1932 
direct fluorination, 946, 947 
dectronie theory of addition to, 1904- 
1906 

polymerization, 527-^529 
polymers from, 740-756 
reaction, with sulfur chloride, 855- 
856 

with sulfur dioxide, 875-876 
reduction by metals, 526-529 
Oligosaccharides, definition, 1533, 1592 
from cellulose, 1696-1699 
One^ectron bond, 1960-1961 
Opianic acid, 1212, 1220 
Opium, 1216 

Opium alkaloids, 1216-1227 
Oppmiauer method, 1357, 1388, 1489, 
149^506, 1523 
Opsqpyrroie, 1263, 1268, 1269 
Opsopyrrole-carboxylio acid, 1268 
Optical activity, 220-221 } see also 
Optical isomerism and Optical 
rotation 

amino acids, 1085-1087 
cazbanions, 388-897 
carbonium ions, 397*400 
due to moieeular structure 221 


If pages'l-iOTT; Vdiisie Xl» pages Ii0f9-1988. 
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Optical activity, during rearrangements, 

: 981-084, 987-990 

free rascals, B88<-388 
fundamental concepts, 220 
id crystals, 220 

id free radicals in rearrangements, 987 
drganometallic compounds, 500 
theories, 289 

Optical isomerism, 220-433; see also 
Optical activity and Optical rota- 
tion 

alienee, 337-340 
amine oxides, 417-419 
arsenic compounds, ‘426-432 
beryllium compoimds, 432-433 
biphenyls, 347-370 
bipyridyls, 374 
bipyrryls, 375 
boron compounds, 432-433 
complex compounds, 434-438 
copper compounds, 432-433 
cyclic compounds, 315-336 
five-membered rings, 320 
four-membered rings, 317-320 
six-membered rings, 320-327 
three-membered rings, 316-317 
dipyrrylbenzenes, 377 
fused ring systems, 328-336 
germanium compounds, 425 
inositol, 336-337 
nickd compounds, 440 
nitro compounds, 388-392 
nitrogen compounds, 401-419 
octahedral elements, 434-438 
of dements other than carbon, 400-443 
palladium compounds, 433, 440-441 
phenylcarbazdtm, 376 
phenylpyrrdes, 375-376 
phenylquinones, 374 
phosphorus compounds, 425-426 
idanar dements, 438-443 
platinum compounds, 434, 441-443 
polyphei^ls, 376-374 
quaternary salts, 413-417 

selenium compounds, 423-424 
silicon compounds, 401 
lEguranes, 340-348 
wilfillmines, 422-423 
salfiaio esters, 421 


3 ^ 

Optical isomerism^ sulfonium salts, 4X9- 
421 

sulfoxides, ^1-422 
sulfur compounds, 419-423 
tdiurium compounds, 424 
terj^enyls, 376-373 
tin compounds, 424-425 
zinc compouncLs, 432-438 

Qpti^ iscnners, number of, 237 

Optically active alcohols, rearrangement, 
1000 

Optically active alkyl halides, rearrange- 
ment, 988 

Optically active amides, reairangement, 
983 

Optically active amino alcohds, rear- 
rangement, 987-988 

Optically active diazoketones, reaiv 
rangement, 1014 

Optically active ethers, rearrangement, 
999 

Optically active glycols, rearrangement, 
1015 

Optically active ketcmes, from rear- 
rangements, 1015 

Optically active pinacob^ rearrangement, 
1023 

Optically active radicals, in rearrange- 
ments, 1022 

Optically active sulfinic esters, rear- 
rangement, 999-1000 

Optical rotation, see aho Optical activity 
and Optical ismnerism 
and association, 293 
and concentration, 298 
and dissociation, 295 
and structure^ 296-298 
in steroid group, 1378-1879 
and temperature, 296-291 
and wavdength of Hi^t, 291—293 
factors influencing, 290-864 
mdecolar, 285 
sdute^ nature of, 298-361 
solutions, 293-2^ 
sdvent, nature of, 298-301 


Bpm&Cf 285 

sugars, measurement m aa ri m u ni 
solitfalhty mefhod, IS0 
rules, 1551-1553 
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C^vtiksal 8tabilty« of kxiiB^ 989 
of trioovakat groups, 1023 
Optochin, 1208 
Orbital wave function, 1945 
Organic sulfur compounds, 885*943; see 
(deo tmder individual members 
Oganoalkali oompoands, 524-542 
Organoaiuminum eompounds, 553*554 
Organoantimoiiy compounds, 562-563 
Oiganoarsenio compounds, qptical isom- 
erism, 426-432 

Organobarium compounds, 546-547 
Organoberyllium ccxnpounds, 545 
Organobismuth compounds, 562-564 
Organobiamuth radi^, 571-572 
Organoboron compounds, 552-553 
Organocadmium compounds, 548-549 
Organocaldum compounds, 545-547 
addition to bensalaoetoplmnone, 675 
Organochromium compounds, 564-565 
Organochromium radicals, 572 
Organocolumbium compounds, 561 
Organocoppor compounds, 542-544 
Qrganogidlium compounds, 555, 556 
Organogermanium ccanpounds, 557-558 
optical isomerism, 425 
Organogermanium radicals, 569, 572 
Oiganogold compounds, 642-544 
Organoindium compounds, 555 
Oiganoiron compounds, 566-567 
Organolantbanum compounds, 554 
Organolead compounds, 560-561 
xedistributkm, 1811-1813 
Organolead radicals, 570-571 
Organclitbium compounds, 524-525, 
538539 

additicm to asometbines, 659 
addition to carbonyl grmgv 947 
in halogeik-metal^ mteroonveiB 

QrganomagUeawm oampemdB, see Grig- 
nard reagents 
Oagaramm iigaa^ 

Qi^iatiaiiia^^ compounds, 566 
"Orgaa oi ne r e M ry eonpounds, 549552 


OrganometaiHe ooeQ)oundB^ 
addition xeactioom 496, 511- 

512, 515, 526, 528529, 546-546^ 
550 

analytis, 496-497, 500 
cleavage, by halogen acids, 519520, 
560 

by halogens, 500, 519 
color test 1, 496-4^ 
color test II, 525 
color test III, 564 
conductivities, 530-532 
detection, 496597, 525, 564 
diectrolysis, 568 
hydrogendlysis, 833 
interconversion, 572576 \ 

optical activity, 560 
preparation of sulfinic acids, 915 
pyrdysis, 570571 

quantitative estimation, 496-497, 500 
radioactivity, 560-561, 575 
reaction with merci^tans and thio- 
phenols, 852 

redistribution of halides, 1812->1813 
redistribution oi R^M types, 1810- 
1812 

relative reactivity, 494, 510, 518524, 
525, 530-535, 545-546, 552 
thermal stability, 521, 542544, 551, 
562,569,575 

Organometallic hydrides, 558 
Organometallie radicals, 567-572 
Organomolybdenmn compounds, 564 
Organopalladium campounds, 567 
Organofdatinum compounds, 567 
Organo^onium compounds, 566 
Organopotassium compounds, aMtion 
to bensalaoetcidieaoiie, 675 
Qigmioibenium ccmponnd^ 
Chgancuwflldnnaeompoimda, 554 
OrganosOver 542-544 

OigatiQstimitiimi 
Organotantahim 
OtganothaMhms 

Organottattmii xadk^ 5685M 
(%gan<^ comiKW^ 

(gitioal isomerisa^ 424r4^ 

ChgimcKin riMii 08 % 58 » 57 ^ 

(^ganotitannuB cctts^^ 


competition in deava^^ 1071-1072 
mdMribiitioii, 18i9i^l 
OrgaamiieMmy ndic^ 

OrgaiMimaUdlw ammiawa 553 

Wipwi, MM Ip-lMf ; V«lm n, pi«M 
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Orga 3 i 0 i|l!f^^ oompounds, 664 
OiKaaiovaiiadiiiin oompounds, 661 
Organoyttrium compoimds, 654 
Organociiie compoimdg^ 647-648 
reaction ndth cxyiS-uDsaturated alde- 
hydes and ketones, 676 
Organosirccminm compounds, 667 
Orientation, and substitution in benzene 
ring, 202, 1029, 1975 
effect of dielation, 1878-1879 
effect of polyfluoride group, 960 
Ornithine, 1143, 1146-1147 
Omithuric acid, 1146 
Orthanilic acid, 187 
Orthoacetates, 1610-1611 
Osasones, mechanism of formation, 1636 
Oscine, 1197 

Osmic acid, see Osmium tetroxide 
Onnium tetimdde, hydroxylation of 
steroids, 1479, 1617, 1522 
Ostreasterd, 1395 
Ouabagenin, 1447 
Oxalic acid from oeUuloee, 1673 
Oxidation, aldehydes, 656-666 
alkanes, 55 
idkenes, 69 
alkynes, 62 

amino acids, 1100-1102 
and reduction, in rearrangements, 98' 
1005» 1012, 1022 
mechanism, 1926-1927 
bensene, 188 

by J.eeto&arier su5oe2^ns, 1662 
by iiceMooier 1^ 

by ehromio add, 636 
by hydrogen peroxide^ 686 
by lead tetraacetate, 636 
by oxidantB other than oigirgen ga 
68,62 

by osone, 686-637 
by pwFmanganate, 685 
by sffvur jodobensoate^ 686 
oarboayl oGosymande, 656^7 
eatalyti6,68,61,6a7 
edluioee, 1691-1694 
deetronio medmn^^ 1858 
etihylemo linkage^ 684-637 
free radioals, meohanksn, 687-628 
WWW p«fpt 


Oxidation, Grignantreag^ 607*608 
mechanism, 56^7 

m^ptans and Ihloidienois, 851-682 
resistance of fluorides to, 956, 960 
sugars, 1649-1654 
by hypdtfiMnite, 1651-1652 
in add media, 1640-1651 
in alkaline media, 1651-1654 
sulflnic adds, 917-918 
thermal, 55, 59 

thioaldehydes and thioketones, 927 
thiolfiulfonates, 910 

Oxidation-reduction potentials, 159^ 
1038-1039 

22,23-Oxido6rgost6rQ!, 1411 
Oxime-nitrone tautomerism, 1936^ 
Oximes, catalytic reduction, 811 
chelate dmvattves, 1873 
cisHfrans isomerism, 466-473 
foimation, 652 
hydrogendysis, 811 
reactions, 660 
rearrangements, 979, 984 
synr- and anli-^ interoonveision, 472 
Oxo-Diels’ acid, 1360 
Oxonium sdts, 1317, 1833 
stability, 1836 
Oxonium theory, 1317 
Oxyberberine, 1214, 1215 
^ OxyceUulose, 1691-1694 

Oxygen, reaction mth Grignard reagent, 
507-608 

Oxyhydrastinine!, 1216 
Ozondysis, acetylenes, 657 
benzene, 133-134 
double bonds, 636-637 

F 

h 

Palladium blad^ prepamticm,: 785-787 
Palladium oatalyi^ edloiddl* prq^Arar 
ticm, 783 

supIkHEted, 786-787 
Pa&Mhum 0ompouiid% 
opUcd ismertsm, 653^^4^ 

Palladimn zeolites, .787 
PaBadous 03ckl6, J86 

PSnetih 

taOic 

i Vstease 
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Paiieth technique, free nulioBli^ 613-^14 
Papavereldme, 1217 
Papaverine, 1217-1219 
Papavermic acid, 1217 
Papavermol, 1216 
Para bond fonnula for benaen^ 124 
Paraehor, 1744-1746 
calculation, 1744 
ccmstants for calculation, 1746 
in fluorides, 952 

relation to critical valumea, and col- 
lision areas, 1745 

relation to nullpunktsyolume, 1742 
Paraformaldehyde, medbanism of forma- 
tion, 767-768 
Paraldehyde, 654 

Paramagnetic measurements, free rad- 
icals, 591 

Paramagnetism of oiganic radicals, 1760- 
1761 

Parasaccharinic acids, 1646 

Partial valency 128, 666 

Pauling dectrcmegativity scale, 1855 

Peganine, 1250 

Pegene-9, 1250 

Pdaigonidin, 1318 

Pdletieiine, 1183 

PeUote, 1209 

Pellotine, 1210 

Pentaafli^ nitrogen compounds, 529-630 
Pentaaiyisthaiies, 605 
Pentaarylethyls, 607 
Pentadieneones, 680-690 
Pentad systems, 1940 
Pentahydroi^ufostane, 1425 
PentametlQribeaaeiie, 1^ 

Pmitasuifldes, 864 

PeiiAoses, str^ure determinadon, 1541- 
1542 

Peaiiidi]i, 1818-1319 
Pepfier aflcatcA^ 1180-1181 
Peibumm robbers, 765 
Perl^^rodiqil^^ adds, 13S9foolsi0ta 
piadofis add, aetioii on ceDidose, 1693 
1568-1569 

PMeiBeldbH 52CV 188^ 


Perkin synthesis, 651 
Peroiddation theory, 56, 60 
Peroxide effect, 41-42, 47, 639, 642, 657 
1915, 1926 

Percsddes, triaiylmethyl, rearrangement 

975 

Pmxide systems, 1924-1928 
2,5-Peroxido-A*-chQlestene, 1395 
Perrier compounds, 184 
Petrdeum refining, fluorides in, 9& 
Pettenkofer reaction, 1418 * 

Peyotl, 1209 

Phase test, chlorophyll, 1303 
Phenanthiene, 160-162 
bromination, 179-182 
Friedd-Orafts reactions, 161 
resonance structure, 1971-1973 
sulfonation, 161 

Phenanthrene dibromide, 162, 180-182 
9,10-Phenanthrenequmone, 161-162 
2-Phenanthrol, coupling, 161 
Phenol-aldehyde polymers, 731-732 
Phend ethers, coupling, 195 
Phenolic esters, rearrangement, 998 
Phenols, aldehyde condensation, 201 
C-alkylation, 201 
coupling> 191, 192 
from sulfonic adds, 892 
ketonization, 120 
reactions, 1^202 
with tyolsulfonates, 910 
OE-Pfaenylacrylio add, from tr<^c add, 
1194 

Phenylalanine, 1127 

1- I^ienyl-4-aininobutadiene, 145 
Phenyl aside, addition to ethyknic 

linkage 642 

addition to quinonee, 691 
2>PbeQylbensopyrone, 1332 

2- I%enylbeDiopyryliom chloride, 1317 
nienylearbasolee, optical isomerism, 376 
Phen^ydradne, addition to a,j8-unsat- 

urated caibonyl compounds, 678 
PheiqHbydrasonei, formation, 652 
FheDyfl:QrdroKy]a]Diiie, rearrangement^ 

976 

Phenyl Isdeyanate, competitive leae^ 
tions of two akohob or amines 
1069-1070 


Lbridn jtaetluM dr preparing ahcycbe 
86 

»|,jM«es2p-20Tr;Vdbime 
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PhenylnaphthopbfiiuuBoiiium chloride* 
167 

Phenylpyrroles, optical mmeiiaa, 375- 
376 

Phenylquinones, optical iamemm, 374 
Phenylsulfamic acid, 187 
Phenylthiyl radical, 619 
l-PhenyltriazQloiie-5-carboxylic acid, 185 
Pheophorbide a, 1299, 1311 
Pheoporphyrin 05 , 1299, 1311-1312 
Phloroglucmol, 146 
Phoephocreatine, 1113 
Phosphoniiun bases, electronic theory, 
1838 

Phosphoric esters of carbohydrates, 
1606-1608 

Phosphorus compounds, optical isomer- 
ism, 425-426 

Phosphorus pentachloride, addition to 
cinnamalacetophenone, 696 
addition to dienes, 670 
reaction with aldehydes and ketones, 
655 

reaction with unsaturated ketones, 680 
Phosphorus trichloride, reaction with 
unsaturated ketones, 680 
Photochemical activation, organometal- 
lic compounds, 544^^545 
Photochemical reactions, free radicals in, 
625 

Photosynthesis, action of chlorophyll in, 
1314 

role of organometallic compounds, 578 


Physostigmine, 1230-1234 
Physostigmol, 1231 
Phytochemical synthesis, 1330 
Phytol, ester with propionic In 
chlorcphyll, 1298 
Phytosterols, 1396-1398 
Phsdiyl group, in chlorophyll, 1298 
Picene, from cholic acid, 1352 
o-Picolinic acid, 1178-1179 
Pigments, plant, 1316 
plastid, 1316 
Pilocarpidine, 1250 
Pilocarpine, 1248-1250 
PHopic acid, 1249 

Pinacolone rearrangement, see Pinacol 
rearrangement 

Pinacd rearrangement, 968-972, 975- 
977, 985, 1006, 1012, 1016, 1023, 
1030 

cydization by, 97-98 
Pinacols, migrational aptitudes, 1067- 
1068 

optically active, rearrangement, 1023 
steroid, 1388, 1401, 1410 
Piperic acid, 1181 

Piperidine, rates of reaction with aUcyl 
bromides, 1057-1058 
reaction with diazoniom compounds, 
951 

Pipeline, 1180-1181 
Piperonylic acid, 1181 
Pivot bond, 344 
Planar elements, 222 


Phototropy, 906 (ptical isomerism, 488-443 

Phthalic anhydride-glyoerol polymer, Plane of symmetry, 224 
703, 719 Plant pigments, 1316 

Phthalimi^ reaction, synthesis of a- Plastid pigments, 1316 

amino acids, 1105 Platinum black, preparation, 785-786 

Phthalocyanin, 1288 Platinum catalyrts, colloidal, prspara* 

Phthalocyanines, structure, 1877 timi, 783 

Phyllochlorin, 1307 supported, 785 

Phylloerythrin, 1301, 1311 Platinum compounds, 667 

PhyUoporphyrin, 1296, 1301 optical isomeriam, 434, 441-443 

HbyUopyrrole, 1263, 1266, 1268, 1269 Platinum dioxide, preparation, 784 
PhySipyrrole^arboxylic add, 1263 Plexii^s, 762 

Pi^vieal ptopetixos and constitution ci Pdsoning of catalyst, dednition, 796 

ofganio compmmds, 1720-1806 Pdarimefeer, 284486 

Phyeioloipeal properties, organometaiQic Pdarimetry, 281‘~290 

omapounds, 575477 eleotromeric, 1847 

Vditiiie X, pages 1-4017; Vdome IX, pages lOTO-tMS. 
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PolaHmetry, ixidiiotaBieric^ 1849*4850 
Polatmbility, 1841 
milfone groiQ), 880 
Polaiiiatioi^ 1841 
x&eeomerie, 18474848 
Polaroid filing, 284 
Polonium oompounds, 585 
Polyaoetals, 784 
Polyamides, 702, 721-727 
from amino acids, ^722-724 
from diamines and dibasie adds, 724- 
727 

Pdyamines, 735-736 
Polyazines, linear, 736 
Polybasio acids, and polyhydrie aleoholB, 
pdyestmfrom, 714r>721 
Polydeniwte chelate rings, 1877-1878 
Polyenes, addition of maleie anhydride 
686 

phenylated, 693 
Pdyenoid i^rsteins, 1914-1919 
Polyestae, 702, 707-721 
from glycerol and phthalic anhydride, 
703 

from hydroxy acids, 707-714 
from xKdybasio aci^ and pdyhydrio 
alcohols, 714-721 
linear, 710-718 
Pdyether resins, 736 
Polyethylmre glycob, 771 
Polyfluoiides, 959-961 
Pdyiducoeans from ceiluloee, 1698 
Polyhomdlogous series, 739 
Polyhydrie alcohols, and pdtybasic adds, 
pdyesters fiw, 714-^721 
Pc^rlsobiityleiie, 743, 760 
Pij^ymer, definition, 702 
Polyiiieric akdids, 73^ 

Pd^imoMde a&yl 

anfaydridee, 736 

Pd^Flderielordioe^^ 736^737 
750-768 

sdtd^rdafor^ 


Pdymeiisation, eatalytie, 1245b 17, IS 
eyclic oompounds, 770-771 
definitioii, jkO, 702 
degree of, de^tion, 741 
dienes, 758-759 
ethy]^, 742-743 
ethylenic hydrocarbons, 641 
foniialddi3^^767 
ionic mechanism, 776 
isobutylene, 743 

664 f 

mechanism, 11-12, 16, 771-777\ 
d^Sns and their d^vatives, 740+756 
olefins by metals and organom^allic 
compounds, 527-529 
organogermanium compounds, 572 
photo-, 18-19 
steps in, 772 
styrene, 743-750 
thermal, 12, 15, 18 
vinyl esters, 753-756 
Pdymers, cross-linked, 703 
head-to-head, tail-to-taO tjrpe, 745, 
753 

head-to-tail type, 753, 756 
heat-convertible, 714 
heatr-non-eonvertible, 714 
sulfur analog of polyoaQmiethylene, 
925 

synthetic, 701-778 
three-dimendonal, 703, 714, 718-721 
Polydefins, cMrans isomerism, 464 
Pdyoxymethylenee, 702, 767-7^ 
Pd3rplimy]s, optical isomerism, 370-374 
Pdysacdiarides, definition, 1533 
Polystyrene, 741, 743-750 
mdecidar sise, 741 
Pdysdfides, organic, 864-866 
gttieral diaracteristics, 864 
prepamtiem, 864-866 
from oiganic sxdfidee, d isulfid e s, 
andpdy8ulfidfie,866 
Iftan a^um pdyaiilfidea, 865-866 
Iromaolftydiyt ooii^pmn^ Sfi#-* 
865 

reaedona, 865 
Polysulfooes, 765-767 
Polyllieiiab 748 


Po^syl aeatetib 785 
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MbnHbsd aeetate^ 754-^755 
PdyviigA aleolausl, 755 
PolyviiQd boride, 702, 754 
Polyvinyl balidoB, 753 
Pdyvinylidene oUoride, 754 
Pdyynes, rearrangement, 1011 
P<miegranate alkaloids, 1181-1134 
Pmri^im ring, structure, 1877-1878 
Porphyria, 1289 
Porphyrin nucleus, 1270-1278 
fine slaiicture, 1286-1289 
Porphyrins, chemistry of, 1259-1292 
fr(nn chlorophyll, 129^1297 
NHN bridges, 1288 
N-isomers, 1287 
nomenclature, 1272 footnote 
syntheses, 1267, 1272 
Porphyrinuria, 1289 
Positive halogen compounds, oxidation 
of meroaptides by, 854-855 
Potentials, ionisation, metallic atoms, 

532 

ooddationrreduction, 159, 1038-1039 
l>-quinoDeB, 1039 

Piedissociation in rearrangement mech- 
anisms, 974, 1004 

Preferential reactions, oiganometallic 
compounds, 579 
Pregnane, 1489 
Pregnane derivatives, 1490 
Pregnanediols, 1491-1492, 1497 
Pregnanediones, 1491-1492 
Piei^iaiietridls, 1493, 1494 
Preipiene derivatives, 1495 
Pregnenolone, 1491 
n.*-Pregnenblone, 1528 
A*-Pregnenolone acetate, 1526, 1527 
Prism, Freenfll, 287 
Nkol, ^285 

ProgeslieBtme, 1468, 1487-1489, 1514, 
1526 

assay, 1487 
isoktion, 1488 

phynotogiod relafcioiiAip(|, 1496-'1498 
preparation, 1506^1507 
itructim^ 1488-1489 

BrnKne, limm, U» 

VoliimeX,pi«eal-19^; 


Propylene odde, reamugement, 978^ 
Propylene <ndde sugar ring, 1582 
Proteins, deOnition, 1080 
l^drdysis^ 1079-1080 
Protoohloro^yll, 1314 
ProtQiJucal, 1630 

Proton shift in xeairangemmitB, 1006 
Protoporphyrin, 1260, 1283-1284 
Protosinomenine, 1257 
Protroinc shift, in learrangonents, 1021 
Pseudoasymmetry, 235 
Pseudobufotalin, 1449 
Pseudococaine, 1201 
Pseudocodeine, 1222, 1223 
Pseudocodeinone, 1222, 1228 
Pseudoconhydtine, 1180 
Pseudooonioeine, 1180 
Pseudocumene, 132 
Pseudoephedrine, 1176-1178 
Pseudoergotinine, 1244 
PseudohyoBcyamine, 1198 
Pseudo ionic reactions, 1865-1867 
Pseudodpianic add, 1215 
PseudopeUetierine, 1181-1182, 1258 
Pseudosapogenin, 1462-1463 
Pseudostrophanthidm, 1439 
PSeudotropine, 1197, 1200 
Psicain, 1^1 
Punicine, 1183 

Purdie methylation of sugars, 1554 

PyranohexQsides, 1626 

Pyranose ring stnictuze, establkhment; 

1553-1566 
Pyrazoles, 185 
rearrangement, 974 
PyrasoUnee, pyrolysis, 94-96 
Pyrene, 172 

P^dine and alkyl bromides, competitive 
reactions, 1064-1065 
Pyrocaldferd, 1404, 1410 
PyroisdithobEiamo add, CSemmenaeh 
reduction, 1369 

Pyrolithobilianic ad4 CSemmenstti re- 
duoticm, 1369 

pyrolysis, detonbiiudsi^ d dabfiiiy by 

1068 ^ - V. : 

pyinsdines, 

VahuM 111 pages 



Uv 


INDEX 


Pyrol 3 nsis, salts of dibadc acids, 7S-S2 
sulfonitim hydroxides, 8^ 
sulfonium salts, 868-*^ 
thioald^ydes and thioketones, 828 
«y.Pyrone, 1331-1332 
Pyrroetioporphyrin, 1296 
Pyrroles, alkylation, 1265 
rearrangement, 976 
Pyrrolidonecarboxylic add, 1116, 1117 
Pyrroporphyrin, 1274, 1290, 1291, 1296 

Q 

Quaternary ammonium bases, dectronie 
theory, 1838 

Quaternary ammonium fluorides, 950 
Quaternary ammonium salts, optical 
isomerism, 413-417 
Quebrachine, 1234 
Quercetin, S 3 mthesi 6 , 1336-1338 
Quinaldine, 153 
Quinic acid, 1203 
Quinidine, 1207 
Quinine, 1202, 1205 
Quininic acid, 1206 
Quininone, 1205 

Quinoid structures, anthocyanidins, 1317 
footnote 

electronic theory, 1922-1924 
Quinones, 689 
addition reactions, 691-692 
oxidation-reduction potentials, 159, 
1039 

Quinovio acid, 1208 
Quinudidine, 1203 
Quitenine, 1205 

R 

Racemic adds, reso3utionr259 
Racemic bases, resolution, 260 
Racemic compounds, 248 
m liqiiid state, 253 
Racemic mixture, 248 
Racemic mocyfioationB, 240-263 
defiaitioii, 225 

de^emiittadoa of nature^ 249-^253 
f cteMtei, 240r248 
modiamcid rnixtim, 248 


Racemic modifications, methods for <Hs- 
tinguishing, 249-253 
freedng-^point method, 249-250 
solubility method, 251-253 
moleoular compound, 248 
properties, 248-254 
resolution, 254-264 
solid solutions, 249 
Racemic solid solution, 249 
Racemization, 241-248 
amino adds, 1093-1095 
by phydcal means, 241 
enolization and, 244-246 
Grignard reagents, 516 
in rearrangements, 967, 982,984, 1922 
kinetics of, 243 
mechanism, 241-242 
tautomerization and, 243 
thermal, 242 

Radical reactions, 1863-1864 
Radicals, see Free radicals 
series by deavage of organometallic 
compounds, 519-520, 560 
Radioactive chloride ions, effect on re- 
arrangements, 994 
Raman effect, 1774-1794 
Raman shifts, for characteristic linkages, 
1777 

value in structure determination, 
1775-1776 

Random distribution, 1808-1809, 1815- 
1818 

Random equilibrium mixtures, composi- 
tion, 1815-1818 
Raney nickel, preparation, 788 
Raoult’s law and solubility, 1738 
Rate constants, reliability, 1060-^1062 
Rate data, calculation of dipole moment 
frmn, 1030 

Rates of reaction, alk^ bromides and 
piperidine, 1057-1058 
alkyl chlorides and metallic iodides, 
1053-1055 

omnpetitive reactions, comparison of 
reactivity, 1064-1072 
dii^mnyliflfloromethanes and acyl 
diloiides with alcohols, 1055-1057 
esterification, 688 
and alcdiolyds^ 1044-1046 
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Rates of reaction, fonnation of acetals, 
1046-1048 

formation of s6micari3azones, 1040- 
1052 

formation of thiour^^hanes, 1058-1060 
general considerations, 1033 
rearrangements, 1027-1031 
three-carbon tautomerism, 1041-1044 
Reactivity, relative, see Relative reactiv- 
ity 

Rearrangements, a,y; 1003 
activated complex in, 1028 
active molecules in, 975, 980 
acyl azides, 977 
N-acylpyrroles, 976 
alcohols, 1012, 1023 
aldehydes, 971 
N-alkylanilines, 995 
N-alkylanilinium salts, 995 
teH.-alkylcarbinols, 1023 
alkyl phenyl ethers, 997, 1023 
N-alkylpyzr(des, 976 
alienee, 663 

allyUc, 187, 1004, 1006, 1018, 1881- 
1883 

azides, 977 

Beckmann, 470-471, 979, 984, 1004, 
1026, 1225 

benzhydroxamic add, 977 
benzidine, 976, 995, 1021 
benzilic acid, 974, 976, 980, 986, 1000 
benzylazide, 979 
butadiene dibromides, 1001 
camphor series, 992 
Chapman, 1016 
Qaisen, 141, 149, 189, 999 
Curtius, 977-980, 988-990, 1004, 1013, 
1022, 1024 

cydio compounds, 971 
as intamediates, 973, 976, 990 
cyclobutane intermediates, 972 
<^clopropane intermediates, 972, 973 
degradation of camphoric adds, 1013 
dehydration of alcohols, 1012 
Demj^ow, 90^, 107 
diazid^ 978 

diazoamino compounds, 993 
l,2-dibromide8, 1002 


Ir 

Reairangemoits, ’ electronio concept, 
1004-1027 

ethylene oxides, 1017*-1018 
free radicals in, 973-988 
Fries, 898, 998 
glycols, 968-972, 976 
Grignard reactions, 516-517, 1003, 
1009-1011 

N-haloacylanilides, 994 
halogen amides, 977 
Hofmarm, 977-980, 989, 1004, 1008, 
1013, 1014, 1022 
hydramine fission, 1205 
hydrazobenzene, 976 
hydrobenzoin, 970, 976 
hydroxamic acids, 977, 980 ^ 

hydroxylamines, 978 
indole derivatives, 974 
intermolecular carbonium-ion mecha- 
nism, 999 

intramolecular oxidation-reduction, 
1005 

ionic hypothesis, 989-1004 
isoamylaniline hydrobromide, 996 
Lossen, 977-980, 1004, 1013, 1022 
mechanism for aUylic, 1881-1883 
methylaniline, 976 

migration aptitude in, 968, 978» 1030- 
1031 

molecular, 966-1031 
neopentyl compounds, 1007 
defin intermediates, 972 
optical activity during, 399-400 
optically active alcohols, 1000 
optically active alkyl halides, 988 
optically active amides, 983 
optically active amino alcohds, 687- 
988 

optically active diazdcetones, 1014 
optically active ethers, 999 
optically active ^cols, 1015 
optically active ketones iotmed in, 
1015 

c^ticaUy active pinacoU^ 1023 
optically active radicals, 1022 
optieaUy active sulfinio esters, 999 
optical stabilitiy d kms, 989 
ox^ti<mhi:eduotiQn ini, 987, lOOfii 
1012, 1022 


diidsmylketene intermediate, 974, 980 
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percudiletf, 975 
pheadio €Bter 9 , 996 
phenoKe ethers, 169, 1862 
phenylhydroxylamine, 976 
pinaod, 966-972, 975-977, 985, 1005, 
1012, 1015, 1023, 1030 
oompetitive reactioDs, 1066-1069 
cycHsatioh'by, 97-98 
polyyxieB, 1011 ' 

propyiene osdde, 973 
pyrazoles, 974 
reaction rates, 1027-1031 
a,r-nile, 187 
semidine, 1021-1022 
eemi-hydrobensoin, 971 
eemi-pinacdts, 971 

stereochanical oonsideratiQns in, 1025- 
1027 

sugars, in acid media, 1638-1639 
in alkaline media, 1640-1646 
sulfinic esters, 999 
torpenes, 991 

triai^toethyl peroxides, 975 
triphenylmethylhydroxylamine, 978 
area derivatives, 961 
vinyl method ether, 974 
Wagner, 96, 990, 1000, 1019 
WdUF, 1014, 1015, 1024 
Bedistriburion readion, 1806-1820 
aliphatic halides, 1610 
catalysts Iot, 1814 
equilibrium constants, 1615-1816 
esters, 1609-1610 
kinetios, 1618-1620 
mechanism, 1818-1^ 
mjgfinamfltallie halides, 1612-1613 
Qiganometallie (RnM) cooipoonds, 
1610-1612 
Beduerie acid, 1637 
Beduetioi]^ aldehydes, 8(^-6Q6 
idlcaoes, 797-602 
fikynes, 802-803 

* hy obid > 

9qimdi,612 

lllnaieedar, 643-644, 676-677 
' .1^ reagents, 502, 514i 644;, 

645-647 


Eediielloii, by metal opmldnatians, 649- 
644, 677, 697 
oarimnyl group, 643-645 
eatalyrio, 634, 697, 797-619 

by Orignard reagent, 514 
CtenmeDsen, 644 
dienes, 667, 801-602 
l,2-d£ketone6, 671 
disumdes, 648 

dectronic mechanism, 1858 | 

halogen compounds, 808-609 1 
ketones, 805-607 \ 

mechanism involving free radical, 628 
naphthalene, 145 T 

nitriles, 809-810 \ 

nitro compoimds, 815-817 \ 

m'tro group, 661 
olefins by metals, 526-529 
oximes, 811 
phenylated dienes, 693 
sdective, of carbonyl group, 676 
sugar lactones, 1539 
sulfonyl chlorides, 843, 844 
thidsulfonates, 909 
triphenylmethyl, 599 
unsaturated diketones, 693-694 
Wdff-Kishner, 644, 1863 
Reduction potentials of quinones, 150 
Reductone^ 1637 
Refcamatfi^y xeaetioD, 647-648 
mechanism, 548 
steroids, 1433, 1476 
Rdraction of alkyl fluorides, 952 
Refractive index, 1750-1752 
Refrigeration agents, 959, 962 
Regularobufagm, 1452 
Bdchstein^s compound, D, 1516, 1517 
E, 1520, 1525 

J, 1519 

K, Ua«,l8l7,16M 

L, ua9 

M, 18a9 

GMfiM 

V, 1619, W17 

B, 1S16, ms 

T, mi 
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Bdnecdce oe^t, 1118^ 1125 
Bdativ^ 583-538 

Balativ® reactivity, carbcayl group, 688 
<dA*rideB with potasdum iodide^ 1054 
ethylemc liukage, 683 
functioiial groups, 501, 504, 548, 553 
in sulfonyl interchange, 911 
interpratation of data, 1072>1077 
organometallic compounds, 494, 510, 
518, 524, 525, 530-535, 546<546, 
552 

substituted ethanes, 609 
Resaoetc^henone derivatives, 141 
Eeddual charges, 1860-1852 
Resins, aldehyde, 650 
aikyd, 714 
Ciba type, 732 

Resolution, amino adds, 1109 
biochemical processes, 263-264 
conveniion to diastereoisomers, 256- 
260 

equilibriuih method, 261-263 
kinetic method, 260-261 
medhanical separation, 254 
prderential crystallisation, 254-256 
Resonance, aromatic compounds, 207 
chemical bond, 1943-1983 
definition, 1784 
electronic theoiy, 1831-1832 
idea of, 1950-1951 
keto-end systems, 1935 
mesomeric polarisation, 1847-1848 
moleeular structure, 1943-1983 
organic anions, 1837 
oxhne-nititme tautomerism, 1936-1937 
Resonance dfects, in bensene rin& 
1029 

Resonance energy, calculation, 1967- 
1970 

eop}ilgated omtems, 1917 
definition, 1960 
eoa|^4oal values, 1966-1960 


R^etrioted rotation, nonrhenettoeld 
ocmipounds, 374-577 
Rhenium compounds, 566 
Rhodanine^ amino adds from, 1108 
Rhodopoiphyrin, 1274, 1291, 1296 
synthesis, 1275-1278 
Ricin, 1187 
Ridnidine, 1187 
Ridnine, 1186 
Ridninic acid, 1186-1187 
Ring-chain tautomerism, 1937 
Ring doBure, see Cydization 
Ring contraction, alicydic b ri de s in 
Grignard reaction, 512-514 
chlorohydrins in Grignard xeaction, 
513 ^ 

methods, 96-100 
Ring expansion, methods, 96-100 
Rings, strainless, 69-70 
Ring structures of sugars, 1545-1586 
determination by glycdnsplitting re* 
agents, 1568-1569 
furanose, 1556-1563 
other than furanose and pyranose 
types, 1681-1684 
pyranose, 1553-1656 
Eosanoff dassification of sugars, 1541- 
1544 

Rosenhdm test, 1391 

Rosenmund reduction of add ddorideB, 

Ol/O^OW 

Rotation, free, 228 
molecular, 
restricted, 471 

Rotatory dispendcm, 288, 293 
Rubber, synthetic, 759-765 
vulcanisation by arganometafiiG com* 
pounds, 578 

Ruff degradation of sugaie, 1540-1541 
Rugs^ high«dilutioa piindids, 707, 710 

S 


oiganie oompomuis, 1801 
Bjfisteieted cotatien, 471 
ateat embmHsarboa bond, 379*381 
ahocit earboiipmtrc^ bond, 877-379 
abotit earb<m*oxygea bond, 381-882 

of groups, 362 


Sacdiittic add, ^cpamtkm, 1537 
Saccharin, 904 

Saodiarimo add, f<»tiiation, 1646-1649 
Sacdiarink iKrtds, 1^ 

Sachse-Mdir theory of etminhei 
69-70, 114 
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Salipylic add, Edbe synthesis, 201 
Salkonraki reaction, 1390 
Salsdine, 1264 

Salts, inoigaiuc, reaction with Grignard 
reagent, 610 
Salvwean, 919 

Sapogenins, see Digitalis sapogenins 
Saponins, see Digitalis saponins 
Saran synthetic rubber, 764 
Sarcosine, 1111 
Sarmentogenin, 1446-'1447 
Sarsasapogenin, 1459, 1464 
Barsasapogenoic acid, 1462 
Sarsasapogenone, 14^ 

Sarsasaponin, 14^, 1467 
Scandium compounds, 654 
Schiff bases, 662, 663-660, 1096, 1097 
Schorigin reaction, 633 
Schweitzer’s reag^t, action on cdlulose, 
1674 

ScOlaren A and B, 1448 
ScOlaridin A, 1448 
Scopine, 1197 
Scopolainme, 1197, 1198 
Scopoline, 1197 
Scymnol, 1426 

Selectivity of hydrogenation catalysts, 
794 

Sdenium, reaction with Giigaard re- 
agent, 608 

Sdenium compounds, ojitical isomerism, 
423-424 

Sdenium dehydrogenation, see Dehydro- 
genation with sdenium 
Sdenium dioxide, action on sterols, 1386 
o-^SeHnene, dehydrogenation, 118 
Semicarbazones, catalytic reduction, 812, 
, 814 

table of, 814 

equilibria and rates in f<»inaticm, 
1049-1062 
formation, 652 
hydrolysis, 1061'-1062 
Stm^ne reairangement, 1021<-1022 
SenqiM^drobenzoin rearrangement^ 971 
deaminatioii, 1012 
iwairangOTient, 971 
619 


Serine^ 1120-1123 
Scffine-phosphoric add, 1122 
Sesqui-mustard, 860 

Sex hornumes, 1468-1610; see also under 
individual dosses 
biogenesis, 1623-1630 
Shared-dectron-pair bond, 1949-1960 
Silica gd as support for palladium 
catalyst, 787 

Silicon compounds, optical isomeEli^ 401 
Silicon-containing polymers, 738-739 
Silver compounds, 642-644 \ 

Silver iodobenzoate, oxidation ofWhyl- 
enic linkage, 636 ' 

Sinomenine, 1226, 1267 
Sitosterols, 1395, 1396-1397 
SK A synthetic rubber, 764 
Skatole, 1161 

SK B ei^tbetic rubber, 764 
Skraup reaction, 149 
Smilagenin, 1464 

Sodium bisulfite, see Alkali bisulfite 
Sodium borofiuoride, use in synthesis of 
aryl fluorides, 961 

Sodium pat>xide, action on unsaturated 
carbonyl compounds, 676 
Solanidines, 1467-1468 
Solanines, 1467 
Sdasodine, 1467 
Sdasemine, 1467 
Solatubine, 1467 
Sdatunine, 1467 

Solubility, and intemal pressure, 1738 
organic compounds, 1737-1738 
sulfhydryl c(»npounds, 840 
Soibitd, 1638, 1644, 1687 
l-Sori> 06 e, preparation, 1634-1636 
Specific rotation, 286 
Specific viscodty, 1748 
Spectroscopy, determination of chdation 
by, 1869 

Bpinasterds, 1397-1398 
Spiranes, in ehdate rings, 1871^ 
optied isomerism, 340^443 
Sponder and Dore, structure of 
cdlulose, 1710-1711 
Squill aglttcon, 1448 

Stabilities, determination of idative^ 
1063 
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StaHUttef thermal, of organometaillio 


eompoimds, 521, 542-^ 661. 
662,669,675 
Stachydrine, 112D, 1189 
Standard oelluloBe, 1667 
Starch aa pdyaoetal, 734 
Staudinger’s viscosity equation, 747 
1707 

Stenols, 1387-1388 

St^reodiemigtry, chdestane type, 1367- 
1369 

coprostane type, 1367-1369 
oximes, 1025*1027 
steroids, 1367-1379 
Stereoisomerism, 218-487 
Stenc hindrance, effect on reactions of 
organometallic compounds, 606, 
628 

in coupling reactions, 197-198 
Sterocholio add, 1424 
Sterdd alkaloids, 1467-1468 
Steroids, 1341-1^1 
biogenesis, 1628 
configurational notation, 1372 
definiticm, 1344 
c^nmerization, 1373-1374 
glucoside formation, 1376 
hmUxty, 1346-1348 

relation to ao-t6trahydro-/3-naphthds, 
1378, 1379 
ring syston, 1344 

QMktial isomerism, of hydroi^l groups, 
1372-1378 

of nudear rings, 1369-1372 
stereochemistry, 1367-1379 
structure, and optical rotation, 1378- 
1379 

of nudeus, 1349-1367 
p-toluenesulfonates, 1376 
types, 1346 
i-Steroi^ 1384 
Sterd ketones, 1388-1390 
bromination, 1389-1390 
Sterol peroaddes, 1383 
Sterol pinaeob, 1388^ 1401, 1410 
Sterol^ 1379-1411; sea dm tmdsr in- 


Sterols, cdkxr reactions, 1390-1391 
definition, 1379 
from lower forms of animi^ ]|fe, 1395^ 
1396 

isolation, 1379, 1382 
mdecular compounds, 1391-1392 
natural and derived, 1380-1381 
nomenclature, 1382 
nudear unsaturation, 1385-1388 
occurrence 1379 
reactions, 1379-1392 
of the Cj— OH group, 1383-1384 
of the On dde chain, 1384-1386 
ring system, 1382 
side chains, 1366 

Stibonium bases, dectronic theory, 
1838 

SUgmasterd, 1396, 1397 
ozonization, 1384 
Stilbestrol, 14^ 

Strainless rings, 69-70, 114 
large naturally occurring, 105 
Sachse-Mohr theory of, 69-70, 114 
Eynthesis of huge, 79-80, 89 
Strain theory, Baeyer, 68 
Strecker reaction, preparation of sdf cmic 
adds, 890 

Strecker synthesis, amino acids, 1106^ 
1106 

Strength of adds and bases, 1034-1036 
Strontium compounds, 646-647 
Strophanthidin, 1436-1440 
Cr--OH group, 1489-1440 
Cs— OH group, 1440 
Cur— CHO group, 1438-1439 
Cu-OH group, 1436-14% 
isdation, 1435 
lactmie ring, 1436 
structure, 1436-1440^ 1441 
Structure of simde mdeoules, lesdnaiioe 
1962-1967 
Strydinio add, 1237 
Str3rebnidine i^7 
Strychnine, 1236-12% 

Strydmindic add, 1239 
Strydmindjcn^ 1239 


dMdtuil membm 
andbSe adds, 

1860 


Strydmi&odS add, 1289 
nudeus, 1849- Strychnos al t al dds, 1236^1218 
Stuart atomic modds, 821 
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Styradtoi^ <9oii%uifttioii» 1627 
Btmcture detenooisaliQii, 162lr>ltl26 
Styre&e^ polymeiisatioii, 743-750 
thmnal pdyxnenzation^ 744 
Styreiie^naldc anhydride polymer^ 757 
SubBtxtuent groups, direetive infdenoe, 
202-212 

Substituted sugars, 1006-1617 
Substitutioii, and cnie&tation, In the 
benzene ring, 202, 1029, 1975 
indirect, 187 

Substitution reaoti 0 ns, alkadienes, 44 
aflcenes, 36-37 
aDcenynes, 45 
aOcynes, 46 

anionie reagents, 273-274 
mechanism of, 2T2 
Walden invermon in, 272 
Suerose, structure determinatimi, 1600- 
1602 

Sugars, see under indvddual nusmbere 
y -,1657 

acetals, 1573-1579 
acetates, 1551 

acetone derivatms, 1557-1559 
acetylation methods, 1551 
acyclic structures, 1575-1581 
fllooliclB, 1588 

alddtiifdo acetates, 1575-1581 
aldonio adds, 15^-1588 
amino, 1613-1617 
anhydro^ 1617-1623 
asoorbie add, 1683-1688 
benzoyiated, 1561 

eonOguiational isomerism, 1535-1545, 
1570-1572 

<QUUKd]ydrtn preparation, 1588 
degradation methods, 15iMl-1541 
degiadatiosiB, 1688^1662 
dedvad^ 1605-1663 
desca^, 1631-1633 
dicse stnictiire, 1588-1584 
d»HM)diaridest^^ 

dyefeteetiwtuxo, 1584^ 


SugaiB, gkoals, 1^23-1681 
l^ycQseens, 1623-1623 
^yoosIdeB, 1551, 1572-1575 
(dycuronio adds, 1587, 1590-1592 
isomerizatkms, 1638-1662 
ketoses, 1586-1587, 1588-1588 
lactone studies, 1563-1568 
laetonization of aldonic adds, 1588 
measurement of optical station by 
maximum solubility methol^ 1550 
mercaptals, 1562, 1575 \ 

methylatkm, 155^ 1594 \ 

methyloses, 1632-1633 \ 

mono- and oligosacdiarides, 1582ll604 
mutarotation, 1546-1549 \ 

notation of configurations, 1543, 1 W)- 
1551 

oligosaccharides fnnn odhilose;, 1696- 
1699 

oxidation, 1649-1654 
by lead tetraacetate, 1569 
by periodic add, 1568-1569 
pentoees, 1541-1542 
reairangements, 1638-1646 
reduction of lactones, 1589 
ring structures, 1545-1586 
Rosanoff daadfication, 1541-1544 
rules of optical rotation in, 1551-1563 
saeohazimo add fonnation, 1646-1649 
tsutomerio foirms, 1583-15M 
tfaio^ 1612 
trioses, 1583-1584 
Sulfa drugs, 904 
Sulfanfiamide, 904 
Sulfanilic add, 187 
ftdfapyndine, 904 
Sulfapyrimid^ 904 
Sidfatinazole, 904 
Sulfenamides, propiradoii, 922 
Sulfenic addlS^Tatives, 920-923 
gmieinl diametocisti^ 

Sulfenic anhydrides, 921 
Sulfeliqd hati^ ftum 
feomin e iu ap U fl^ 

readtons, widi aedra methylene ounsh 
pciaBds,922 


ofssgaraddi^lMO 
1586, 1589-lMO 
MW-1612 erittiaieahclaaiid^i^^ 

1654-1662 nrilih ammoida imd amii^ 

VUme i; MW Mm S, 3 
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M&Aptm and 
bc^pdit^ 840^1 
oooanitooe, 8^ 
odor,S80 
sdubilityi 8ft5 
t(»dcityy889 

SulfidM, cttgme, 853-861 
deavage by i^yanogen bromide, 859 
fomnaticm from diazomum salts, 866 


Sidfonanddes, bydrolynsb 906-901 
reactiomt, 90D-001 
with alddbydes, 908 
reduetion, 903 

SVies rearrangement, 898 
reactiims, 895-^ 
with Grignard reegent, 897-998 
Sulfonation, alkenee, 177-178 
aromatic compounds, 175-178 


formation from olefins, 855-866 
general characteristics, 853 
preparation, 854-857 
by alkylation, 854-865 
from alddiydes and ketcmea, 857 
reactions, 858-860 
with halogens, 858 
with inorganic salts, 858-850 
fiiilfilimmcBj optical isomerism, 422-423 
Sulfiinamides, prqparati<m, 917 
Siilfinic acids, 913-019 
addition to nasaturated ketones, 680 
fonnation of add derivatives, 916-917 
general characteristics, 913-914 
metal leplaoement, 918-010 
nomenclature, 913 footnote 
oxidation, 017-918 
preparation, 9l4r-016 
by Fnedel-Craftsreactkm, 015 
from diasonlmn salts, 015 
from ethylene disulfoneB, 016 
from organometallic compounds, 
918-016 

leactionB, 017-010 
with alddiydes, 918 
with diasoniiim salts, 918 
with Of^-unsaturated caibonyl oom- 
pounda, 018 

thiolsidf onates from, 906 

Suifimo esters, c^itiixd isomer^ 

t^ptically active, rearrangement, 999-* 

im 

imauwtibB, 018-917 
^^s^onylthlo^ 


phenanthrene, 161 

preparation of sulfonic adds, 887-888 
Sulfone group, activating effect, 881, 
885 

dectron attraction by, 879-881 
in di- and pdysulfoneB, 883-884 
influence upon halogen, 882-883 
influence upon hydrogen, 870 
Sulfones, 873-885; see also Monosuffones 
and Disulfones 
condensation reactions, 882 
general dmractenstios, 873 
Michad reaction, 882 
preparation, 874-877 
by alkylation of salts of sidfinio 
adds, 874-875 

by FriedelCJraftB reaction, 875 
by oxidation of sulfides and sulf- 
oxides, 874 

by reaction of olefins with sulfur 
dioxide, 876-876 
reactions, with alkali, 877-878 
with Grignard reagent, 881 
with reducing agents, 877 
unsaturated, 884-885 
a,/}-unsaturated, 672 1 ootoote 
Suffonhydrasides, hydidyds, 063 
Sulfonic adds, 886-004 
ccmverdon to sulfo^yi haltdsB» 801 
mtmsof.sesSulfoii^ 
goneral diaraeteriatics, 886 

noiuendataie, 886focitii^ 

mpaiation, 887-801 
by addition of bisoifite to dsfihs 
890-801 
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Bulfonio aoids, rqdaoeznent of sulfonate 
group, l^ttDuno group, 894 
by cyanide, 893 
by halogen, 893-894 
by hydrogc^ 892 
by hydroxyl, 892-893 
by nitro group, 896 
Sulfoniuxn compounds, ^7-870 
from disulfides, 867 
from sulfides, 867 
general chatacteristics, 867 
preparation, 867-868 
Sulfonium hydroxides, p 3 nroly 8 is, 869 
reactions as bases, ^9-870 
Sulfonium salts, formation of addition 
compounds, 869 
optical isomerism, 419-421 
pyrolysis, 868-869 
oe-Sulfonyl acids, 885 
Sulfonyl chlorides, reduction, 843, 844 
Sulfonyl fluorides, synthesis, 948 
Sulfonyl halides, hydrolysis, 898 
preparation, 891 
reactions, 898-900 
with amines, 898-899 
with endbtes of active methylene 
compounds, 899 

with oiganometallic comj)oimds, 
899-900 

thidsulfonates from, 907 
Sulfonyl interchange, 911 
CK-Sulfonyl ketones, 885 
Sulfoxide group, activating effect, 885 
Sulfoxides, 870-873 
cia-^rons isomerism, 483-484 
general cbmcteristics, 870 
optical isomerism, 42h-422 
pr^mration, by Friedri-*Crafts re^ 
tion, 871 

by hydrdysis of dihalides of sulfides, 
871 

by oxidation of sulfides, 87(V<^71 
' from Grignardreagentt 871 
leaetions, 872-873 
with acids, 872 
with aqueous 

; whh redudng agents 872-873 

of valence dheQ, 

886 


Sulfur, reaction with Grignard reagent, 
507-508 

Sulfur analogs of carbonic acid, 938-939 
Sulfur chloride, addition to ethylenic 
linkage, 641 

as ehloiinating agent, 44 
reaction with olefins, 855-856 
Sulfur eompouDds, optical isomerism, 
419r423 

organic, 835-943; see dUo funder 
indivtdueU members ! 

reasons for differences from oxygen 
compounds, 838 \ 

Sulfur-containing functional ^oups^ 837 
Sulfur dioxide, polymerization of olefins 
by, 765-766 \ 

reaction with Grignard reagent, 505 
reaction with define, 875-876 
Sulfuric add, addition to ethylenic 
linkage, 639-640 

Sulfuric esters of carbohydrates, 1609 
Superpdyesters, preparation, 711 
Supported palladium catalysts, 786-787 
Supported platinum catal 3 r 8 t 8 , 785 
Suprasterols, 1410-1411 
Surface tension, 1739-1741 
Sweetening of gasoline, 852 
Symbols, electronic, 1834 
Symmetry, alternating axis of, 320 
plane of, 224 
point of, 318» 327 

Syn^ and anfi-oximes, interoonversion of, 
472 

Synr<mH isomerism, see Cis4rans isomer- 
ism 

Synthetic pdymers, 701-778 
Synthetic rubber, 759-765 
Syringidin, 1318-1319 

T 

Tachysterd, 1404 
Tannins, 1609 
Tantalum eompouiids, 561 
Taroonmes, 1220 
Tartaric adds, 232-238 
dexfre, 232, 1545 
tm,232 
mesa, 232 
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233 

raceznic,' 232 
Taarine, 904 

Tautomeric effect, resonance, 1977 
Tautomeriam, 219 
dectronic theory, 1934-1940 
fructose, 1586 
l^ucose, 1585 
keto-enol, 684 
three-carbon, 1041-1044 
Telluiium, reaction with Grignard re- 
agent, 508 

TdUiurium compounds, optical isomer- 
ism, 424 
Tdoidine, 1198 

Terephthdic acid, i^uction, 144 
Terpenes, 70-73 
rearrangements, 991 

Terphenyis, cM^rans isomerism, 486-487 
optical isomerism, 370-373 
Tertiary amines, attempts to resolve, 
403-404 
coupling, 195 

Testosterone, 1468, 1502, 1503-1504, 
1509 

CM-Testosterone, 1504 
Testosterone propionate, 1510 
Tetraarylallyls, 607 
si^Tetraaryldidkylethanes, 606 
syui-Tetraaryletiianes, 604 
Tetraaiylhydrazines, dissociation, 616- 
617 

Tetraarylsuodnonitriles, 611 
Tetraethyllead, 560, 577 
Tetrahedral bond orbitals, 1954-1956 
Tetrahedral carbon atom, 1962-1966 
evidence for, 222-223 
Tetrahedral dements, 222 
Tetrahydroberberine, 1216 
oc-Tetrahydn>i^Bi^[dith6^^ relation to 
sterols, 1378, 1379 
Tetrahydroneoergosterol, 1476, 1478 
Tetiahydrostiydini^ 1237 
Tetrsd^ditucyehohine, 1426 ^ 
Tdaahy dw a y no re terocboli^ add, 1424 
Tetmlhi, 157 
Tetralola, 146 

y^otranoafth^^ metallic prop- 


m 

Tetiamethylfiudoi^^^ 1594-1595 
Tetramethylglucofuranose, establish- 
ment of structure, 1562 
TetramethylglucopyranoBe, 1554-1556 
7-Tetramethy4^uco8e, establidiment of 
structure, 1560 

1,1,2,2-Tetraphenylcydopropane, stabil- 
ity, 6(^ 

s^rm^Tetraphenyldibenzcylethane, 6I0 
Tetraphenylethyl^e, bromination, 142 
Tetraphenylhydrasine, half life, 617 
5,6,11,12-Tetraphenylnaphthaeene, 603 
TetraphenylsucdnonitrileB, dissociation, 
774 

Tetrasulfides, 864 ,« 

Tetrazoles, formation from diazides, 978 
Thallium compounds, 568-569 
Thebaine, 1221, 1226 
Thebainone, 12^ 

Thebenine, 1225 
Theelin, see Estrone 
Thedol, see Estriol 

Thermal decomposition, odiulose, 1699- 
1700 

free radicals in, 626 

Thermal polymerization, styrene, 744 
Thermodynamic properties, calculated 
from spectroscopic data, 1803- 
1804 

of organic compounds, 1794-1804 
Thermosetting, 732 
Thevetigenin, 1444 
Thevitin, 14^ 

Thiazoles, preparalion, 936-9^ 

Thide formula for benzene, 127-128 
Thide theoiy of partial vahsoce, 666 
Thio add dilorides, preparation, 935 
Thto adds, general characteristies, 929- 
930 

pr^pamtion, 930-931 
reactions, 935-936 
Thioalddiy^ 923-929 
from meth^dene halides and metal 
sulfides, 926 

geneid diaracteristics, 923-9fi^ 
osddatiiHi, 927 

prq^mraticm firom aldd^nlBs fdth 
hydi^gea sulfide, 924-*^ 


ertiei.568 pyroty«s,928 

T, ftfem Marti YiOamU, ptwilgfMWt. 
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motMOirdm. motaneo, iftth 
iedidesi 928 

vnih. heavy loetal aaltai 928 
ThtoaB^^tion^ 910» 913 
TbioamideB, prepairatiQn, 983HB35 
reaotions, 936-937 
Huoanhydzidee, 935 
of aulfoiiic acidsy 911 
ThioeyanateSy 942 
Tfaiocyaoic acidy 939 
Huo^yanogeiiy 942 
addidoii to ethyleitle Knkage^ 638 
ThioeBtenSy hydrofym^ 843 
ThiootherSy «ee Sulfides 
Thiofonnaldehyde pdyxnery 769 
Thidketonesy 923-929; aee oIm Thioalde- 
hydes 

from ketoiies azid pho^onia pentasu^ 
fidey926 

preparation by Friedel-Cxafts reae- 
tioHy 927 

Tliiokols, 733-734y 760y 866 
TtnoLcarbamateBy 938 
Thid eeteiSy preparatioiiy .932-933 
Thiolliistidmey 1156-1157 
TfaioJsulfoiiat^ 905-913 
genend characteristicsfy 905 
hydrotyslBy 909 
oxidationy 910 
piefMuatiati, 906-908 
from dlei^desy 907 
from BiilfiDZO addsy 906 
from GRilfoKQd halitoy 907 
leaetioziSy 908-912 

aetive m^ykoB eorapoiindsy 
910 

vdidi Odfl^iard mgeniSy 8M 
witdiidieaoby 919 
widi Btdflgrdiyl eoiip^^ 
lednotioay 909 

912^13 

llikilMlf omo eataniy tee Thk&ndf ODOitaB 
1612 

llttOBoaitanMito^ 
l%ta €9lmy 
XfaidaaOKy 999-940 


Tbu^hfioohy 989y 8i6-8S2| tm 
SuKliydryl epmpo^ 
addition to~ oMnSy 850-861 
addition tounBaturated ketonesy 680 
preparatioHy 844r-84dS 
by redttditioii of milfQEQd dhlorides, 
844 

from diasonium aaltSy 844^845 
reactionSy 846-852 . 

with alddiydea and ketooes* 60 

with alkaliy 846 \ 

with carboxylio addSy 848-849\ 
with heavy metal saltBy 846-847 
with nitiilesy 851 \ 

with organometallie eompound8y^^52 
with oxidiaing agentSy 861-852 
with cKy/S-unaatiirated oarbooyl com- 
poundSy 850 
Thio sugarsy 1612 
Thioureay 938 
preparationy 940 
reaotionsy 940-941 

Thiourethanesy ratea of formatioiiy 106B- 
1060 

Thiuram disulfidea, 939-940 
Thoipe reactiony ajmtheaia of large car- 
bon xingay 88-89 

Thiee-oarbon tautomerianiy equilibria 
and ratea, 1041-1044 
ThreoHlimensioiial moleculaBy formation. 
719-720 

Tbree^dimensumal polymersy 703, 714 
718-721 
adubifity, 742 

Three-electron bond, 1960-1961 
Ibieoniney 1123-1124 
Thqjaketone from eigoateidy 1399 
Tbyroadne, 1129-1130 
Tifidoeau reaedon, 1527 
Tigogenhiy 1464, 1465 
Tigoniny 1456 
Tineoi^xinmby 
(g^cal Isomeilnn# 424-^ 
l^didienko leirndony 6^^ 
Toadpdd»iayi4ifNL4e9 
idkyddoii^ied fxite^ 

1190-1193 


f|iidi35andie«y raaodon with Gxjpiard 

rtwg nrt i, 805 1902 

ThionlMBiBy foimatioiiy 98S I^TohieniriRtfottfdsa^ atenQid%.l3KS 
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jftcid, 1401, 1404, 

1^ 

TcMQ^atioxii of ^utofle, 1682-4688 
Togdfltml, 1411 
IVtmMiignttion, 1026-1027 
TraosxDlasiOQ of aoitivatli^ effeots, 633, 
1909 

Traube veaetioii, 1189 
Trdbaks^ 1593 
Triad aaiontaixtwe^^ 1018 
Triad i^yste^ 1987-1940 
tautomeric, 1987 
Triarylbydrasyfo, 617 
Triarylmethyl peroxides, reanaogement, 
975 

Triaryfanethyls, 685-602 
addition raactioiis, 598-600 


Trivalent earbon» ^ 

Trqpaoooaiiie, 1202 
Tropmie, 1200 
IVopeinea, 1195 
Tropic acid, 1194 
Tropidine, 1197, 1199 
Trc^igenixie, 1198 
Tropilidene, 1196 
Tropine, 1194, 1200 
Tropmic acid, 1195 
Tropinone, 1196, 1199, 1258 
Tnirillmes, 1202 
Tiyptamine, 1242, 1255 
Tiyptc^han, 1159^164 
rriation to harman, 1229 
Tschugaeff-Zerewitm^ analysis, 560j 
578 


amphoteric nature, 601 
chemical properties, 596-602 
ecmductioa of deetric current, 601 
dimerisatioia^ 597 
diaplaoment reactimis, 600 
dispre^rtionarimi, 597 
preparation, 595-596 
ipiindd structure, 586-587 
reaction, with in<»gaaic salts, 601 


Tuads, 939-940 
Tungsten compounds, 564 
Tuniein, 1667 

Twinned double bonds, 662^665 
Tyramine, 1127 
Tyrosinase, 1127 
Tyrosine, 1126-1129 

U 


with triarylmethyl halides, 600 
stability, 596-597 . 
test for, 598 ; 

Tcibensoyiseethasie, 198 
Tricovatet carbani on B, 988 
TrigcmeOine, 1186 

Tribydrdtybdoetor^ acid, 1424 
8,5y7-TiO[iydroxyflayylium ddoride, 1817 
TriOarin, 1466, 1457 
TA 1456, 1457 
2,8,4-Trimethy)glucoee, 1602 

1595-1596, 1597 
Trioeee, etracturSb 1588-1684 

t A^TriphWfii^ radical, 608 

eokr,584 

''«ieQ^,i8»' ^ 

Tr||l4iei^^ 

iMteOMirt, 978 
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UUmann reaction, oiganooopper com- 
pounds in, 544 

preparation of potyphenylene ethers, 
736 

Ultra-violet absorptian sp^ctia, aromatac 
omnpounds, 1786-1794 
effect of solvent, 1784-1786 
rdation to resonance, 1786-1794 
Univalent nitrogen coo^poands in rear- 
rangements, 977, 979, 960> 988 
ci,|S-Unsatuxated adds, from reamnge- 
ment of /2,vHinBatoniited adds, 684 
^^Y-Unsatuxated adds, rearxaiigeineiit to 
a,j8^un8atiixa«^ 

«i^6»Unaatarated carbonyl oeiAi|K)tDidi^ 
addition of bens^ 69^ 
addirion d diphsoyMe^ 
additimi of balogen acjld^ 6^ . 
l,4^ditaon d 

addition of 6i9 

electronic tihidrjr, 1819*4983 
osddaticm, 639 ; , 
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<K,j947]iBatuEated eiffbcniyl oompcomdii 
leactiiosiB, wiHi Orignard leageoti 


1^72-676 

witli halogens, 675 
mth mercaptans ajud tliioplMgPolB» 
860 

with sulfmic adds, 018 
reduction, 676-677 
Unsaturated sidfones^ 884-885 
Unsatiirated eyst^ns, see specific types 
addition of organometallio oompoonds, 
408, 500-507, 516, 526, 528-529, 
545-546,550 

reaction of Grignard reagent, with 
nan-terminal cumulated, 505 
with terminal cumulated, 505 
Unsaturation, and conjugation, 631- 
700 

effect on molecular refraction, 1751 
Uiane derivatives, 1496 
Uranediol, 1496 
Uranetrioi, 1496 
Uranium compounds, 564 
Urea, WOhlor synthei^, 967 
Urea derivatives, rearrangement, 981 
Urea4^orma2dehyde polymers, 727-730 
UieaM^ 1149 
Urooanie add, 1155 
UropofidiyrinB, 1289 
UiBodeeooQrdhoIic add, 1415 
Usmigenin, 1432, 1438, 1444 
Usaria, 14^ 

V 

Valence, dectromc conoept, 1822-1941 
partial, 128 

types in mtregen, 1834 
Valence-bond lonnulaf^ 1961 
yaienee4Hind method for treatment of 
jdadanmie strndur^ 

Valem requiieaa^^ of normal alkyl 

gm^ 977 

of atomt, igxitial arraage- 
mehti, 221-222 
VrnmSm 

laHhiasi, isss 


Vm^daed^dene, 658 
addition of hydro^dikcide, 1 Q 02 
Vinyloaihaacle poi^irtiier, 756 
Vinyl dblorlde, addition of hydrogen 
fluoride, 947 

Vmjd esters, poiymerisalion, 753-756 - 
Vinyl ether pdymer, 756 
Vinyl group in dilo^hyll, 1805-1306 
VinyUtes, 757, 758 

Vinyl methyl ether, reanang6men4 974 
VinylogouB systems, 1909 
Vinylogy, 633, 1909, 1924 
17-VinylteBto6teroQe, 1524 
Viscose, see CeUulose xanthate 
Viflcodty, 1747-1749 
of alkyl fluorides, 951 
Viscosity equation ci Staudinger, 747,* 
1707 

Viscodty stabilizer, 725 
VimosltyHStabte polymers, 725 
Visible absorption spectra, 1783-1794 
aromatic ccanpounds, 1786-1794 
rdation to resonaaoe, 1786-1794 
Vitamin 0, 1633-1638 
Vitamin D, 1405-1411 
history, 1405-1406 

structure and antirachitic activity, 
1411 

Vitamin Di, 1405 
Vitamin Dt, 1405-1406, 1407-1408 
isdalion, 1405 
properties, 1405-1406 
trai^crmation products, 1408, 1410 
Vitamin Ds, 1406-1407 
Vitamin D 4 , 1406 
Vitamin Ki hydioqumooe, 153 
Vomidne, 1242-1243 
vcm Auwm- 8 ]dta rule, 1373, 1493, 1504 
von Braun dcgradatione^ 1174-1175 
Vttlcamaation of ^bber by oigancmetal- 
Bo oompoond^ 578 

W 

tmastornadons, 1012 
Wagner reaivaiQgeoieiit, 98, 990^ lOOC^ 
101« 


Weidim hsvendoQ, 264^^ 
anienm reagenhi^ marwittdi athid^ 278 
VMteel, pi^ i-kmi VdaamJg; 98896 
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tewniMi^ dnlestetol, 137&-1877 ic , 

by Boys equatabn, 267 ? 

r^a*^ (UqMrsion ^ J 

meet o^ten^teratui:^ 286 
-in nigar derivativn, 1668, 1614 “ 

2e6~^281 ? 

Mdioactive isotopes, S 

nature of compounds, 266 

of reagent, 266 ^ 

nature of solTwit, 266 ^ 

ri*« contraction Xyk 


(ffl&aetkm stoi^ 1762-1769 
““natfc cmnpounds, 1764 
bensene, 123 

Mpbenyl isomeriam, 3S1-8K2 
B^ose, 1709-1716 
Bw-^rwis isomas, 462 
bydrocarbonB, 1^ 
ore, 1762 

^Xjd^e, resonance m, 207 
Xjdenes, physicid constants, 1728 
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Yobyrine, 1234 
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Yohimbol, 1234 
Yttrium compounds, 664 
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Zonp^ degradation of sugars, 1640 
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